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Beneficial plant-associated microorganisms are widely acknowledged as key promoter in 
plant growth and health. Although playing crucial roles in ecosystem functioning and in a 
sustainable agriculture, our knowledge on the effects of agricultural practices on the plant 
microbiome is still limited. The main focus of this thesis was to understand which factors 
shape microbial community composition and diversity in response to different cropping 
systems, namely monoculture and intercropping, in winter wheat (Triticum aestivum L.) and 
winter faba bean (Vicia faba L.) using next generation-sequencing.   
 In the second Chapter, we investigated the influence of cropping systems 
(monoculture, row and mixed intercropping) on bacterial and fungal community composition 
and interactions in soil and endosphere under greenhouse conditions. We detected significant 
differences in microbial diversity and richness between mixed and row intercropping as well 
as between mixed intercropping and monoculture. In addition, microbial communities 
differed between the crop species wheat and faba bean as well as between plant compartment. 
This resulted in different response of these communities towards cropping systems. We 
further recorded changes in microbial interactions. The number of negative inter-domain 
correlations between fungi and bacteria decreased in bulk and rhizosphere soil in 
intercropping regimes compared to monocultures. However, the observed differences were 
plant species-dependent. These results indicate that intra- and interspecific competition 
between plants had different effects on the plant species and thus on their associated microbial 
communities.           
 In the following chapters, we investigated the effect of cropping systems and water 
deficit on plant physiological parameters (Chapter 3) as well as on the active (RNA-based) 
fungal and bacterial communities in different plant compartments (Chapter 4, 5). For this 
purpose, wheat and two genotypes of faba bean were grown in monoculture and in row 
intercropping with (water-deficit treatments) and without water stress (control treatments) 
under greenhouse conditions. Plant material and rhizosphere soil of all treatments were 
collected at three time points with different water availability (beginning, during and after 
water deficit stress). Plant physiological parameters such as gas exchange, relative water 
content of leaves, plant biomass production and water use efficiency (WUE) were studied. As 
a result, we observed that plants exhibited a clear genotype x cropping system effect towards 
water deficit. For example, water deficit reduced overall biomass and WUE of faba bean for 
the one genotype in monoculture and for the other genotype grown in intercropping. 
Furthermore, investigations on the plant microbiome showed that in the rhizosphere bacterial 
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and fungal communities were altered by water deficit; however, these alterations in the 
communities were pronounced differently towards water deficit. Fungal community 
composition responded stronger towards water deficit, and changes of fungal alpha-diversity 
were dependent on faba bean genotype. Response of bacterial community composition 
towards water deficit was dependent on crop species and genotype, whereas bacterial alpha-
diversity was not affected by water deficit. In contrast, leaf bacterial diversity and richness 
significantly decreased under water deficit specific for one faba bean genotype. This was 
mainly related to significant changes of plant physiological parameters, such as sugar 
concentration and chlorophyll content in leaves. Furthermore, cropping system alone was only 
a minor factor determining the active plant microbiome. Obtained results highlight that there 
are complex interactions between plants, associated microorganisms and their environment 
that influence agricultural productivity.        
 In the sixth Chapter, we evaluated the impact of cropping systems and Metarhizium 
brunneum Cb15-III seed application on bacterial and fungal community composition and 
diversity in soil as well as in the endosphere after five and seven weeks of plant growing. For 
this purpose, faba bean and wheat were grown in monoculture and in row intercropping under 
greenhouse conditions. We found that plant compartment, crop species and sampling time 
altered the influence of fungal inoculation and cropping system on microbial communities in 
rhizosphere and endosphere. Seed application of M. brunneum changed the fungal community 
composition in the rhizosphere soil only, whereas bacterial community composition in both 
the rhizosphere and the leaf endosphere were affected. In addition, microbial diversity and 
richness showed harvest date- and kingdom-specific responses towards M. brunneum 
application. A significantly lower fungal diversity and richness was observed in the leaf 
endosphere and rhizosphere soil of inoculated wheat compared to control plants after seven 
weeks of growth. Cropping system alone but also in combination with seed application 
exhibited significantly higher microbial diversity and richness in intercropped wheat 
compared to wheat in monoculture. However, this was only observed for fungi in the root 
endosphere and for bacteria in the rhizosphere. Alterations in microbial communities 
towards cropping system and application were partly explained by changes in total organic 
carbon and nitrogen in the rhizosphere soil as well as in the plant. The present findings 
improve our understanding of how the combination of cropping system and application of an 
entomopathogenic fungus affects microbial communities and plant productivity which might 
gain further importance for biological control strategies in the future.   
 As the plant endosphere is a great reservoir of beneficial microorganisms, we further 
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investigated the draft genomes of three endophytic bacteria, namely Bacillus mycoides (Strain 
GM5LP; Chapter 7), Pseudomonas putida (Strain GM4FR; Chapter 8) and Paenibacillus 
amylolyticus (Strain GM1FR; Chapter 9) isolated from Lolium perenne or Festuca rubra L. 
We identified several genes, which might be important for plant-growth promotion and 
biocontrol options. Further research is needed to validate these findings.    
 In conclusion, plant-associated microbial communities including bacteria and fungi in 
soil and endosphere are influenced by cropping system as well as fungal inoculation and 
water deficit. In particular, we observed that bacteria and fungi responded differently towards 
agricultural practices and environmental changes. However, effects were strongly shaped by 
plant related traits such as compartment or crop species. Fundamental knowledge of plant-
associated microorganisms and their responses towards agricultural practices are important to 
























1.1 Current prospects for the development of sustainable agriculture  
Over the past 50 years, the simplification of landscapes in agriculture expanded and changed 
global environment dramatically (Baessler and Klotz, 2006). The growing demand of global 
food further increased the utilization of pesticides and fertilizers which in turn also increased 
crop yield and food production (Carvalho, 2017). However, intensification of agriculture 
adversely impacts its environment such as degradation of soil, water and air quality (Matson 
et al., 1997, Stoate et al., 2001) and decrease of the biodiversity (Kleijn et al., 2006; Andreote 
and Silva, 2017). For example, the homogenizations of agricultural landscapes through 
monocultures can considerable influence soil microbiome diversity, resulting in an enhanced 
susceptibility of plants towards pathogens (Eisenhauer et al., 2012; Li et al., 2016; Andreote 







Figure 1. Row intercropping of winter faba bean and winter wheat (photo, Granzow). 
Due to the growing public awareness about the intensive use of pesticides and 
fertilizers and its negative impacts on the environment, sustainable agricultural practices have 
received more attention (Ansell, 2008; Rockström et al., 2017). Aims in the sustainable 
agriculture are to increase the biomass production while minimizing resource use and 
maintaining ecosystem services, soil fertility and its physico-chemical properties through 
optimal management (Lithourgidis et al., 2011; Rockström et al., 2017). Examples are 
intercropping systems in which two or more crops are cultivated on the same field at the same 
time (Vandermeer et al., 1992; Lithourgidis et al., 2011; Figure 1). Intercropping systems 
provide many beneficial ecological and economical services including the suppression of 
plant pathogens and pests (Hinsinger et al., 2011; Boudreau, 2013). The most widely 
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practiced and studied intercrops are cereal and legume species (Fletcher et al., 2016). The 
frequently reported enhanced plant productivity of intercropped cereals and legumes (Song et 
al., 2007b; Zhang et al., 2010) might be attributed to niche differentiation of the two 
intercropped plants. This includes differences in rooting depths, canopy structure, height as 
well as nutrient requirements, which results in an improved utilization of growth resources 
(Hauggaard-Nielsen and Jensen, 2005; Brooker et al., 2015). Another important advantage of 
intercropping with legumes is the improvement of soil fertility through biological nitrogen 
fixation (Fujita, 1992; Hauggaard-Nielsen and Jensen, 2005). Legumes form symbiosis with 
nitrogen-fixing rhizobia and thus have access to atmospheric nitrogen, which is otherwise 
unavailable for cereals. However, different legume species or even cultivars/genotypes differ 
in their suitability for intercropping which in turn influence complementary effect between 
crop species (Davis and Woolley, 1993; Hauggard-Nielson and Jensen, 2001). Thus, there is a 
need for breeding suitable plant cultivars for intercropping; because breeding for 
monocultures might be not the best cultivars which are the most applicable for intercropping 
systems (Hauggard-Nielson and Jensen, 2001; Fletcher et al., 2016). Not only cultivars for 
specific cropping systems but also in combination with the local climate are needed to result 
in sustainable crop yields in a changing climate (Davis and Woolley, 1993; Coleman-Derr and 
Tringe, 2014).  
1.2 Relevance of plant-associated microorganisms in agriculture 
In addition to new crop cultivars and intercropping practices, an increasing number of studies 
highlight the importance of plant-associated microorganisms in sustainable agriculture 
development (Berg et al., 2014; Ahkami et al., 2017). Plant growth promoting 
microorganisms such as Rhizobium spp. or arbuscular mycorrhizal fungi in agriculture are 
now gaining worldwide importance and acceptance for an increasing number of crops and 
managed ecosystems as the safe method of nutrient solubilisation and enhancing plant health 
(Berendsen et al., 2012; Hardoim et al., 2015). It has been shown that plant-associated fungi 
and/or bacteria are effective agents to alleviate abiotic or biotic factors of the host plant 
(Coleman-Derr and Tringe, 2014; Vimal et al., 2017). For example, the inoculation of wheat 
seeds with the entomopathogenic fungi Metarhizium brunneum and M. robertsii increased the 
mortality rates of Tenebrio molitor larvae (Keyser et al., 2014). Gagné-Bourque et al., (2015) 
observed that the inoculation with an endophytic Bacillus subtilis strain isolated from 
switchgrass conferred drought resistance in Brachypodium distachyon via upregulation of 
drought-response genes, modulation of the DNA methylation process, and increase in soluble 
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sugar and starch content of leaves. In addition, microbial communities in the (rhizosphere) 
soil play key roles in ecological processes, such as decomposition of organic matter, carbon 
sequestration or nutrient cycling (Ellouze et al., 2014; van der Heijden and Hartmann, 2016). 
As consequence, it is of crucial interest to better understand the driving forces of plant-
associated microbial communities and their interactions. 
1.3 Main drivers of plant-associated microorganisms 
Plants provide three major habitats for microorganisms: the phyllosphere, the rhizosphere and 
the endosphere (Figure 2). The rhizosphere is defined as soil which is surrounding the roots 
and is also influenced by plants (Huang et al., 2014). The phyllosphere comprises the aerial 
plant parts. Microorganisms which colonize the surface of these plant parts are termed 
epiphytes (Vorholt, 2012). The endosphere is the habitat within plants and the organisms 
colonizing internal plant tissues are called endophytes (Turner, James and Poole, 2013). The 
endosphere is more specific and limited in space than the rhizosphere and thus only few well-
adapted microorganisms can enter and survive within plants (Compant et al., 2010). However, 
several microorganisms occurring in the rhizosphere have also been shown to colonize the 
endopshere (and vice versa) such as members of Sphingobacteriacea or Bacillaceae (Edwards 
et al., 2014; Rathore et al., 2017). Each of these habitats offer distinct niches and are 
colonized by a plethora of different microorganisms including bacteria, fungi, archaea, 
protista, oomycotes and nematodes (Turner, James and Poole, 2013; Dupont et al., 2016; 
Dassen et al., 2017).          
 Previous studies showed that abiotic factors such as drought (Naylor et al., 2017; 
Kaurin et al., 2018) as well as biotic factors including herbivores (Dematheis et al., 2013) or 
pathogens (Gu et al., 2016; Taheri et al., 2016) influenced plant-associated microbial 
communities. In the rhizosphere, interactions between roots, soil and microorganism 
significantly change soil physical and chemical characteristics which in turn also affect the 
soil microbiome (Huang et al., 2014). Dependent on the plant species and the development 
stage of the plant, root exudation patterns can vary according to quantity and quality of the 
released compounds and thus can alter the microbial community in the rhizosphere soil 
(Wang et al., 2009; Dawson et al., 2017; Schlemper et al., 2017). In addition, studies observed 
that soil type altered the microbial communities in the rhizosphere (Wang et al., 2009; 
Schlemper et al., 2017) and in the endosphere (Nallanchakravarthula et al., 2014; Wagner et 
al., 2016). Other important driver of endophytic communities are plant species (Fonseca-
Garcia et al., 2016; Wemheuer et al., 2017), genotype (Santos-Medellin et al., 2017) or plant 
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growth stage (Gdanetz et al., 2017; Xu et al., 2018). Agricultural practices also influence soil 
microbial communities, through changes in nutrient availability, arrangement of plants, soil 
moisture or texture (Edwards et al., 2014, Wang et al., 2017; Li and Wu, 2018). In addition, 
the increasingly used application of beneficial microorganism on plant and/or soil has been 
shown to influence diversity and composition of plant-associated microbial communities 
(Sheridan et al., 2016; Gadhave et al., 2018).  
Over the last years, an increasing number of studies investigated the response of 
microbial communities in the rhizosphere soil (Song et al., 2007a; Wang et al., 2012; Zhang et 
al., 2015; Yang et al., 2016) and in the root endosphere (Zhang et al., 2011) towards 
intercropping. Song et al., (2007a) compared intercropping and monoculture systems and 
reported differences in the ammonia-oxidizing bacterial community structure using denaturing 
gradient gel electrophoresis (DGGE). However, less is known on the endophytic community 
towards intercropping systems because most studies focused on microorganisms in the 
rhizosphere and/or on specific groups, such as ammonia-oxidizing bacteria (Song et al., 
2007a; Wang et al., 2012; Zhang et al., 2015). However, bacteria and fungi co-occur and can 
interact within the different plant compartments (Sloan and Lebeis, 2015; Cocq et al., 2017). 
As these microorganisms have different lifestyles within plant, it can be expected that they 
also respond differently towards agricultural practices. For example, bacteria have been 
shown to be obligate, facultative or passive passenger endophytes (Hardoim et al., 2008), 
whereas for endophytic fungi it has been assumed that they remain restricted to a specific 
organ (Jaber and Vidal, 2010). Thus, it highlights the importance of combined analysis of 




Figure 2. The habitats of plant-associated microorganisms and their determining 
factors. Blue arrows indicate possible directions of colonization by microorganisms such as 
recruitment from bulk soil. Black arrows indicate possible interactions between 
microorganisms. 
1.4 Investigation methods 
Less than 1 % of microorganisms can be cultured under laboratory conditions (Amann, 1995). 
Furthermore, it has been shown that diversity is largely underestimated with isolation methods 
when comparing culture-dependent and culture-independent approaches (Kazerooni et al., 
2017). In the last decades, next-generation sequencing methods (NGS) have provided 
important insights into the ecology, diversity and structure of microbial communities in 
different environments including the endosophere and rhizosphere (Edwards et al., 2014; 
Santos-Medellin et al., 2017; Wang et al., 2017). These technologies allow direct sequencing 
of 16S rRNA genes or internal transcribed spacer regions (ITS) which produce fast massive 
sequencing data that provides high level of taxonomic resolution (Hurd and Nelson, 2009; 
Prosser et al., 2010). As consequence, the number of studies using NGS increased. On the 
other hand, studies hightlight the importance of isolates to validate functions of 
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microorganisms, which were predicted in sequenced genomes (Garcia, 2016; Levy et al., 
2017). In this thesis, Illumina (Miseq) sequencing was used to investigate in plant 
microbiomes. In addition, we used cultivation-dependent methods to isolate different 
endophytic bacteria and to sequence their draft genomes. 
1.5 General study aims 
Beneficial plant-associated microorganisms can promote plant growth and health and thus are 
important in the sustainable agriculture. As consequence, it is of crucial interest to understand 
the factors determining microbial diversity and community structure (Figure 2). The main 
focus of this thesis was to investigate the effects of different cropping systems (monoculture 
versus intercropping) on microbial communities of winter wheat (Triticum aestivum L.) and 
winter faba bean (Vicia faba L.) and to determine if cropping system alters the effect of 
drought stress or inoculation with an entomopathogenic fungus on the plant microbiome. In 
addition, microorganisms in other plant species were studied (Figure 3). 
Our main hypotheses were: 
(1) Cropping systems (monoculture versus intercropping) influence microbial community 
composition and diversity. 
(2) Plant related traits such as plant species, genotype, and compartment change responses of 
microbial communities towards cropping system. 
(3) Abiotic (e.g. drought) and biotic factors (e.g. inoculation) influence the plant microbiome. 







Figure 3. Overview about the studies presented in this thesis. All cropping system studies 
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Abstract 
Intercropping of legumes and cereals provides many ecological advantages and thus 
contributes to a sustainable agriculture. These agricultural systems face ongoing shifts in 
precipitation patterns and consequently seasonal drought. Although the effect of drought 
stress on legumes has been frequently studied, our knowledge about water deficits and re-
irrigation influencing the performance of legumes under different cropping systems is still 
limited. In this study, we investigated the impact of water deficit and re-irrigation on two 
winter faba bean genotypes (S_004 and S_062) and winter wheat (var. Genius) in pure and 
intercropped stands under greenhouse conditions. To get a comprehensive and detailed look at 
physiological and biochemical drought stress responses of the crop species, we applied 
various plant traits such as canopy surface temperature, leaf relative water content and proline 
content at three time points (beginning of water deficit, end of water deficit, after re-
irrigation). In addition, dry matter, leaf area and water use efficiency (WUE) were analyzed at 
the end of the experiment. The overall drought stress tolerance was determined as conceptual 
analysis of all measured parameters. Water deficit significantly affected WUE, surface 
temperature and proline content of both winter faba bean genotypes but did not cause 
impaired productivity regardless of the cropping system. Interestingly, intercropping with 
wheat resulted in an overall high drought tolerance of genotype S_004, while genotype S_062 
had high drought tolerance in pure stands. Under water deficit, pure stands of S_062 
remarkably increased WUE by 30.5 %. Intercropping of genotype S_004 increased the dry 
matter per plant by 31.7 % compared to pure stands under water deficit. Contrary, 
intercropping of genotype S_062 did not improve the dry matter production. These 
observations were verified by other parameters such as proline content and relative water 
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content of leaves. Biomass and WUE of winter wheat were not significantly affected by water 
deficit in both crop stands. Our findings indicate that genotype S_004 benefits from resource 
complementarity in intercropping systems with wheat, whereas S_062 is better suitable for 
pure stands due to competitive effects. Our study highlights that the drought tolerance of 
winter faba bean genotypes depends on the cropping system, leading to a demand for drought-
adapted cultivars specifically selected for intercropping. 
 
1.  Introduction 
Drastic changes in regional precipitation patterns are predicted to occur with an increased 
frequency of extreme weather events, due to an ongoing climate change (Brouder and 
Volenec 2008; Spinoni, Naumann, and Vogt 2015). These extreme weather events account for 
half of the yield fluctuations worldwide (Fahad et al. 2017; Zampieri et al. 2017). As a 
consequence, there is a growing demand for sustainable and productive agricultural systems. 
Intercropping systems, defined as growing two or more species simultaneously on the same 
field (Vandermeer 1992), are well known to meet both demands (reviewed in Malézieux et al. 
2009). Legume-cereal mixtures are most widespread as they can enhance the yield stability 
and the exploitation of available resources such as water (e.g. Reynolds, Sayre, and Vivar 
1994; Hauggaard-Nielsen et al. 2008; Lithourgidis et al. 2011). Previous studies investigating 
plant responses towards water deficit in intercropping system found contrasting results in 
dependence of the characteristics of crop species. For instance, the water use efficiency 
(WUE) of intercropped plant species with different root and shoot architecture such as maize 
and pea or wheat and faba bean increased compared to sole cropped legumes or cereals due to 
synergistic effects (Morris and Garrity 1993; Chai et al. 2014; Chapagain and Riseman 2015). 
Contrary, studies on cowpea/pearl millet, potato/maize and pea/maize observed interspecific 
competition for water resources, leading to dominance in water uptake of one species over the 
other or in few cases even to yield reduction (Zegada-Lizarazu, Izumi, and Iijima 2006; 
Mushagalusa, Ledent, and Draye 2008; Mao et al. 2012).  
Among legumes, faba bean is a very sensitive crop in terms of limited water availability 
(Amede, Schubert, and Stahr 2003). This leads to high yield variability of faba bean 
throughout the years (Khan et al. 2007; Rubiales and Mikic 2015). Drought tolerant cultivars 
are therefore essential to assure high productivity and also to maintain yield stability in dry 
seasons and dry areas. In this context, autumn sawn faba bean plants have advantages 
compared to spring sown varieties due to their capability to use water resources early after 
winter. However, winter-hardy faba bean varieties are rare and more extensive breeding is 
needed (Sallam, Ghanbari, and Martsch 2017). 
Within the selection process for winter-hardy faba bean genotypes, maintained photosynthesis 
and reduced transpiration are important indicators for plant drought tolerance (Link et al. 
1999). In pure stands, drought stress significantly influences plant traits such as leaf 
temperature, grain yield and WUE of faba bean genotypes, which differ in their sensitivity to 
drought stress (Alghamdi et al. 2015). The recovery after drought can also vary among 
different genotypes as observed in maize (Chen et al. 2016). Although several drought 
tolerance-related traits of faba bean have been extensively studied, our knowledge about the 
drought tolerance of faba bean genotypes in intercropped systems is still limited as most 
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previous research has focused on pure stands (e.g. Khazaei et al. 2013; Ali et al. 2016; 
Belachew, Nagel, and Stoddard 2017).  
Hence, we studied the combined influence of water deficit and cropping system on the 
performance of two winter faba bean genotypes and winter wheat in a greenhouse experiment. 
Higher growth rates and accordingly higher leaf area are indicators for suitability in 
intercropping (Semere and Froud-Williams 2001). As a consequence, we chose the two faba 
bean genotypes S_004 and S_062, which differ in their growth parameters. The genotype 
S_004 has a high yield production and medium height and is therefore expected to be most 
suitable for intercropping, whereas S_062 is characterized with a short height and small 
leaves, suggesting that this genotype might be more suitable for pure stands. Both winter faba 
bean genotypes were grown in pure stands or intercropped with winter wheat (var. Genius) 
under two different water supply conditions, i.e., under water deficit as well as under 
sufficiently irrigated control conditions. Various methods were applied to get a 
comprehensive insight into physiological and biogeochemical conditions of winter faba bean 
and winter wheat. The experiment is embedded in the IMPAC³-project (Novel genotypes for 
mixed cropping allow for improved sustainable land use across arable land, grassland and 
woodland). Obtained results will further deepen our understanding of how the drought 
tolerance of winter faba bean is determined by interacting effects of genotype and cropping 
system.  
 
2. Material and methods 
2.1 Plant material  
To examine the drought tolerance of two winter faba bean genotypes in pure stands and 
intercropped with winter wheat, we conducted a pot experiment under controlled greenhouse 
conditions. The two genotypes of winter faba bean (S_004 and S_062) were selected from a 
set of field trial-tested inbred lines used within the IMPAC³ project. They were provided by 
the Institute of Plant breeding at the University of Goettingen. The genotype S_004 is 
characterized by medium height and leaf size, low tillering, late maturity and high yield, while 
S_062 is very short with small leaflets, high tillering and early maturity. The wheat genotype 
Genius was provided by Norddeutsche Pflanzenzucht Hans-Georg Lembke KG.  
Seeds were surface-sterilized by serial washing according to Andreote et al. (2010). In brief, 
seeds were immersed in 70 % ethanol for 2 min, in 2 % sodium hypochlorite for 3 minutes 
and in 70 % ethanol for 30 s. Finally, the seeds were rinsed four times in sterile distilled 
water. After disinfection, seeds were placed on wetted sterile tissues and germinated at 7 °C 
in the dark until the seedlings developed roots of approximately 4 cm length. The pre-
germination allowed the identification of dead seed material and ensured same plant numbers 
in each pot. The inserting of the seeds in the soil is defined as day zero. 
2.2 Soil material and experimental design 
Plants were grown in polypropylene pots (Sunware; 45.5 x 36 x 24 cm) in a fully randomized 
design for a period of six weeks. Each pot contained field soil from the experimental study 
site Reinshof, Germany (51.48° N, 9.92° E and 157 m asl.). The soil was classified as Gleyic 
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Fluvisol according to the FAO classification system and contained 21 % clay, 68 % silt and 
11 % sand with pH 7.3 and 2.8 % humus. The soil was air-dried and sieved (< 10 mm) prior 
experimental start to avoid plant residues and bigger soil particles. The soil volume of each 
pot accounted for approximately 20 L with a dry weight of 18 kg. To prevent soil compaction, 
the filling of the pots was performed in layers by adding distilled water to each layer. After 
emergence of the seedlings, the soil was covered by gravel to minimize water losses by 
evaporation. Phosphorus (50 mg P/kg dry soil) and potassium concentrations (140 mg K/kg 
dry soil) were in an optimal range according to the German nutrient-availability class system 
(Kuchenbuch and Buczko 2011) and were measured according to VDLUFA (2009) by ICP-
OES (Vista-RL ICP-OES, Varian, Palo Alto, USA). Sufficient availability of nitrogen was 
regularly surveyed by evaluation of chlorophyll concentration by SPAD readings (SPAD-
502Plus, Konica Minolta, Japan) on the youngest fully expanded leaves (data not shown).  
Five different crop stands were established: intercropping of winter faba bean S_004 with 
winter wheat, intercropping of winter faba bean S_062 with winter wheat, pure stand of 
S_004, pure stand of S_062 and pure stand of winter wheat. Pure stands of each winter faba 
bean genotype consisted of six rows with 5 seeds each (in total 30 seeds/pot; Fig. 1). Pure 
stands of winter wheat consisted of six rows with 12 seeds each (in total 72 seeds/pot). In 
intercropping systems, 15 faba bean and 36 wheat seedlings per pot were sown in distinct 
rows in a substitutive design (Vandermeer 1992). Half of the pots of each crop stand was 
treated with optimal irrigation (control treatments) or with a period of reduced irrigation 
(water deficit treatments). The ten treatments were replicated four times, resulting in a total of 
40 pots.  
2.3 Water management and growth conditions  
In the greenhouse, photosynthetic photon flux density was 400 µmol m-2 s-1 at plant level with 
a 10/14 h day/night photoperiod. The CO2 concentration reached around 450 ppm, the average 
air temperature was 23 °C and there was a relative humidity of 50 %. During the experiment, 
water loss by transpiration was documented by placing the pots permanently on balances 
(TQ30, ATP Messtechnik, Germany). The weight reduction was measured every 30 minutes 
in order to constantly determine water consumption. Additionally, volumetric soil water 
content was monitored in all treatments using time-domain reflectometry (TDR) probes (EC-5 
Moisture Sensor, Decagon Device, USA; data not shown). These systems avoid hidden 
drought due to higher transpiration of increased biomasses (Senbayram et al. 2015).  
The plants of all treatments were sufficiently irrigated with distilled water to 90 % field 
capacity depending on plant growth and water consumption for a growing period of 24 days 
when faba bean plants reached the four leaf-stage (BBCH 14/34; Lancashire et al. 1991) (Fig. 
2). In water deficit treatments, reduced irrigation was applied over a period of ten days. First, 
we reduced the amount of irrigated water to 75 % compared to those of the control treatments. 
At day 28, we reduced the water amount to 25 %. At day 34, water deficit pots were re-
irrigated for seven days with the adequate amount of water depending on plant growth and 
water consumption. Control pots were sufficiently irrigated over the whole experimental 
period. Total duration of the experiment was six weeks until developmental stage of seven 
leaves of the winter faba bean (BBCH 17/37). 
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2.4 Harvests and determination of drought stress related parameters 
Three partial harvests were conducted during the experiment to analyze the three stages of 
water deficit (Fig. 2). Various plant traits such as leaf relative water content, proline content, 
canopy surface temperature and gas exchange of CO2 and H2O were monitored. The first 
partial harvest (beginning of water deficit) was performed at day 29 when the soil was slightly 
dried due to ongoing transpiration by the plants and first wilting symptoms on the leaves 
occurred. The second partial harvest (end of water deficit) was performed at day 34 when the 
water deficit became severe. The third partial harvest (re-irrigation) was conducted at day 38. 
Plants were randomly selected from each pot and crop species. Individual leaf samples of 
each plant were collected for the analysis of relative water content and proline content. 
Subsequently, remaining aboveground material of these plants was removed.  
At the end of the experiment at day 41, six representative plants per pot and crop species were 
harvested. Leaf area of the harvested plants was determined with a LiCor 3100 leaf area meter 
(Licor, NE, USA). Dry matter (DM) of these plants was determined after drying at 105 °C 
until weight constancy. Water use efficiency (WUE) in g DM L-1 was calculated based on the 
total aboveground biomass per pot as well as on the total water consumption, in which the 
water consumption is the amount of water used for irrigation throughout the experiment:  
𝑊𝑈𝐸𝐵𝑖𝑜𝑚𝑎𝑠𝑠 [𝑔 𝐷𝑀 𝐿
-1] =
𝑡𝑜𝑡𝑎𝑙 𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 𝑝𝑒𝑟 𝑝𝑜𝑡
𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
 
2.4.1 Thermal images and gas exchange  
Gas exchange of CO2 and H2O in terms of net ecosystem exchange (NEE) and 
evapotranspiration (ET) of the crop stands was measured between 9 am and 6 pm under light 
conditions (Fig. 2). NEE and ET were determined by covering all plants in the pot with a 
transparent chamber (base area 0.36 m²). Changes in CO2 and H2O concentrations compared 
to the surrounding air were measured by using a GFS 3000 (Heinz Walz GmbH, Germany) 
and calculated from the slopes of these curves according to actual temperature and air volume 
in the chamber. 
Determination of transpiration was based on thermal imaging recording the canopy surface 
temperature as water loss via stomata is accompanied by cooling of the leaves (Khan et al. 
2007). Thus, thermal images were taken with a T640 infrared camera (FLIR Systems, OR, 
USA). The surface temperature of canopies was evaluated by analyzing the images with the 
software FLIR ResearchIR version 3.3.12277.1002 (FLIR Systems, OR, USA). Both methods 
were applied four times during the experimental phase, including an initial measurement 
before reducing the irrigation in water deficit treatments (Fig. 2). 
2.4.2 Relative water content and proline content of leaves 
For determination of turgidity, the relative water content (RWC) of leaves was investigated 
according to Barrs and Weatherley (1962). The RWC estimates the cellular hydration and 
indirectly describes the osmotic adjustment of plants and their ability to absorb soil water 
(Siddiqui et al. 2015). Therefore, the second fully expanded leaf was sampled and the fresh 
weight (FW) was recorded around solar noon. The leaf samples were incubated in closed 
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boxes with distilled water at 23 °C for three hours. Afterwards, the turgid weight (TW) was 
determined and the leaf samples were dried at 60 °C for 24 h to examine the dry weight 
(DW). Finally, the RWC was calculated as follows:  
RWC [%] = 𝐹𝑊−𝐷𝑊
𝑇𝑊−𝐷𝑊
∗ 100 
Accumulation of the amino acid proline is considered as common physiological response to 
water scarcity (Verbruggen and Hermans 2008). The proline content in the leaves was 
measured according to a modified protocol of Bates, Waldren, and Teare (1973). In brief, the 
third fully expanded leaf was sampled, immediately frozen in liquid nitrogen and then freeze-
dried. Grinded samples were dissolved in an aqueous solution of 3 % sulfosalicylic acid. After 
centrifuging (10.000 rpm, 20 min), aliquots of the extracts were added to a solution of 2.5 % 
acid-ninhydrin and glacial acetic acid and then incubated in a 100 °C water bath for 1 h to 
form a color reaction. This color reaction was terminated by placing the samples on ice. The 
proline color complex was extracted from the solution by addition of toluene and measured 
with a spectrophotometer (V-650, Jasco Corporation, Japan) at a wavelength of 520 nm. L-
proline was used in different concentrations for standard curve settings. 
2.7 Statistical analyses 
Statistical analyses were performed using R version 3.4.1 (R Core Team 2017) and the R 
package agricolae version 1.2-8 (De Mendiburu 2014). For repeated measurements, data were 
tested separately for each measurement day. Within these measurement days, data were tested 
for normal distribution with Shapiro-Wilk-Test (Shapiro and Wilk 1965) and for homogeneity 
of variance with Levene-Test (Levene 1960). A compliance of the requirements was given. 
Two-way analysis of Variance (ANOVA) was performed to determine differences between all 
treatments, followed by Duncan’s post-hoc test (Duncan 1955) with a significance level of α 
= 0.05. Winter faba bean and winter wheat were tested separately. 
 3. Results  
3.1 Biomass production and water use efficiency  
Plant productivity was evaluated as DM, leaf area and WUE, which were analyzed and 
calculated at the final harvest. DM of faba bean ranged from 1.27 ± 0.08 to 1.89 ± 0.2 g per 
plant, with no significant influence of the water deficit treatments (Fig. 3). Among the crop 
stands, genotype S_004 had the highest dry matter per plant in intercropping. Under water 
deficit, there was a significant decrease by 31.7 % comparing the intercropped stands with 
pure stands of S_004. Wheat was neither significantly affected by the water supply nor by 
genotype of intercropped faba bean. 
Leaf area of faba bean and wheat in general showed a similar pattern as the DM, with 
genotype S_004 having the highest leaf area of about 340 cm² per plant in control treatments 
of both crop stands (Fig. 3). Additional to the trends in DM, significant decreases in the leaf 
area were observed comparing control and water deficit treatments of pure and intercropped 
stands of S_004 and S_062, respectively. For wheat under water deficit, intercropping 
significantly increased the leaf area by 45 % (with S_062) and 65 % (with S_004) compared 
to pure stands. 
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At the end of the experiment, WUE was calculated on the crop stand level. In line with the 
results described above, water deficit led to a significant increase in WUE in intercropped 
stands of faba bean S_004 (45 %) and in pure stands of faba bean S_062 (38 %) (Fig. 4). We 
observed no differences between the water supply in pure stands of genotype S_004 (average 
3.23 g DM/L). In addition, pure stands of S_004 were both significantly higher than the 
intercropped control plants. Pure stands of wheat had generally a lower WUE with an average 
of 1.85 g DM/L and were not affected by the water supply. 
3.2 Leaf gas exchange of CO2 and H2O  
Net ecosystem exchange of CO2 (NEE) and evapotranspiration (ET) were measured four 
times throughout the experiment as shown in Fig. 2. The highest NEE for all crops and all 
treatments was measured before initiation of water deficit (Fig.5A; Table S1). During water 
deficit and re-irrigation, values of NEE ranged from -0.6 to 6.6 µmol CO2 m-2 s-1, while ET 
varied between 0.4 and 2.5 mmol H2O m-2 s-1. Water deficit significantly reduced NEE in 
intercropped and pure stands of both faba bean compared to those of the control plants during 
the whole period of water deficit. Comparing crop stands, pure stands of genotype S_062 had 
significantly higher NEE than the intercropped plants under both water supply conditions. 
Towards the end of water deficit, intercropping of S_004 had significantly higher NEE of on 
average 3.3 µmol CO2 m-2 s-1 than intercropping of S_062, whereas NEE in pure stands of 
S_062 was higher than in those of S_004. After re-irrigation, all crop stands including faba 
bean reached the same NEE level of around 2 µmol CO2 m-2 s-1.  
Similar to NEE, the crops in all treatments had highest levels of ET before initiation of water 
deficit (Fig.5B; Table S2). During the drought period, water deficit significantly reduced ET 
compared to the respective controls except for the pure stand of S_004. At beginning of water 
deficit, those differences in intercropped treatments were smaller for genotype S_004 (0.5 
mmol H2O m-2 s-1) than for S_062 (0.8 mmol H2O m-2 s-1). In general, the ET values increased 
towards the end of the water deficit, when pure faba bean S_062 had the highest ET, being 
significantly higher than pure stands of S_004. After re-irrigation, all intercropped and pure 
stands of faba bean congregated on a level of about 1 mmol H2O m-2 s-1, only intercropping of 
genotype S_062 had a significant lower ET of 0.7 mmol H2O m-2 s-1.  
Pure stands of wheat had generally low NEE and ET values, ranging between 0.2 and 2.4 
µmol CO2 m-2 s-1 and between 0.4 and 1 mmol H2O m-2 s-1, respectively, after initiation of 
water deficit. Both parameters were lower under water deficit, being significant only at the 
end of the water deficit phase. 
3.3 Thermal images 
In correspondence to a reduced ET, surface temperatures of the water deficit treated plants 
during the drought period were higher than the initial values (23 °C ± 0.9), and significantly 
increased compared to control treatments (Fig. 5C; Table S3). Pure stands of faba bean 
displayed a genotype-dependent response at the beginning of water deficit: S_062 did not 
differ among water supply conditions (average 26.2 °C), while S_004 showed a by 2.9 °C 
significantly lower surface temperature under control conditions. Similar to the results for 
NEE and ET, water deficit treatments of both cropping systems reached surface temperatures 
of 24.7 °C after re-irrigation and were thus equal to the respective controls. In pure stands of 
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wheat, the water deficit treatment was constant throughout the measurement period (23.5 to 
24.7 °C) and displayed no significant difference to the control. 
3.4 Leaf relative water content  
In general, genotype S_004 showed comparably high and stable RWC under both water 
supply conditions and in both cropping systems (Fig. 6; Table S4). Contrastingly, water 
deficit reduced the RWC of genotype S_062. This effect was most pronounced in 
intercropping, where the reduction of 11 % and 24.3 % was significant at beginning and end 
of water deficit, respectively. Pure stands of S_062 showed a significant decrease of 11 % at 
the end of water deficit only. After re-irrigation, all faba bean in pure stands reach the same 
level of an average RWC of 91 %. However, intercropped S_004 plants had a significantly 
higher RWC (average 93.8 %) than intercropped S_062 plants (average 89 %) at that phase.  
In general, the RWC of wheat reached high values (above 90 %). Wheat intercropped with 
faba bean S_062 showed values of 108.6 % RWC under controlled conditions, which was 
significantly higher than wheat intercropped with S_004.  
3.5 Proline content 
Proline content of all treatments varied between 300 and 600 µg g-1 fresh weight (FW) 
without effects of the water supply at the beginning of water deficit. (Fig. 7; Table S5). At the 
end of water deficit, the proline content of S_004 in pure stands as well as of S_062 in 
intercropped stands significantly increased in water deficit treatments (1047 and 1690 µg g-1 
FW, respectively) compared to controls (489 and 329 µg g-1 FW, respectively). After re-
irrigation, the proline content of all faba bean treatments ranged from 400 to 800 µg g-1 FW. 
Intercropping significantly increased the proline content of genotype S_062 but not of 
genotype S_004, while the opposite was observed in pure stands.  
Proline content of wheat was differently affected by water deficit as pure stands of wheat 
under control conditions had significantly higher proline content compared to water deficit 
treatment (end of water deficit). After re-irrigation, wheat intercropped with faba bean S_062 
had higher proline contents (726 µg g-1 FW) than the intercropping of S_004 (586 µg g-1 FW). 
3.6 Conceptional analysis of diverse results 
As the aforementioned plant traits showed several similar trends but also some discrepancies, 
all results of all parameters measured at the end of water deficit are summarized in Table 1. 
Significant responses to water deficit in comparison to control treatments were classified to 
get a comprehensive overview on the trends among the applied methodologies. The 
characterization followed the statement of Link et al. (1999), i.e., drought tolerant responses 
were defined as maintained production under reduced water use. 
We observed that intercropping of S_004 as well as pure stands of S_062 predominantly 
responded positive in terms of drought tolerance. Intercropping of S_004 showed in six out of 
eight parameters positive responses to water deficit while pure stands of S_062 responded 
positively in five parameters. Contrastingly, intercropping of S_062 and pure stands of S_004 





The identification and selection of drought tolerant winter faba bean cultivars suitable for 
intercropping is of crucial interest to assure yield stability under changing climatic conditions 
with increasing risk for drought events. The evaluation of two contrasting genotypes and their 
responses under water deficit in pure and intercropping systems was the main aim of this 
study.  
Increased proline content in leaves as stress signal  
Crops exposed to water deficit depend on adaptive mechanisms to maintain productivity. 
Changes in the proline content are often mentioned as one of the first responses of plants 
under drought. In our experiment, the proline content of plant leaves drastically increased for 
faba bean genotype S_062 in intercropping and S_004 in pure stands. As proline plays an 
important role as signaling molecule and in recovery processes (Szabados and Savouré 2010; 
Kavi Kishor 2015), we suggest that the observed proline accumulation is a signal for drought 
induced stress and the subsequent need for adaptation mechanisms. The observed trend in 
biomass reduction of faba bean probably arised a concentration effect of proline and other 
important osmotically active substances as shown for Salvadora persica L. by Parida et al. 
(2016). 
We further observed drought tolerance as an incidence of sustained biomass production and 
concurrently low levels of proline content in pure stands of S_062 and in intercropping of 
faba bean S_004. Here, we suggest that proline turnover rather than accumulation is linked to 
drought tolerance as discussed in Bhaskara, Yang, and Verslues (2015). Another potential 
explanation for the low proline content of faba bean S_004 in the intercropping system is that 
the interaction with wheat possibly triggers proline transport from leaves to roots, leading to 
improved belowground osmoregulation and thus increased root activity and growth, which 
has been shown for soybean and maize (Meyer and Boyer 1981; Voetberg and Sharp 1991).  
Faba bean genotypes determine RWC differently in cropping systems 
The functioning of osmoregulation and cellular hydration in the leaves was measured as 
RWC. The RWC of faba bean S_004 in both crop stands was not affected by water deficit at 
any harvest date. This observation is surprising as faba bean usually shows wilting symptoms 
at early stages of drought stress (McDonald and Paulsen 1997). This loss of turgor has been 
shown in a similar experiment to be indicative of decreased RWC of faba bean leaves 
(Siddiqui et al. 2015). The observed maintenance of turgidity under water deficit in faba bean 
S_004 indicates a good stress adaptation of this genotype in terms of intact physiological 
processes as demonstrated for other faba bean genotypes in pure stands (Khazaei et al. 2013).  
Contrastingly, the RWC of faba bean S_062 was decreased by water deficit to different 
extends, pointing to a comparably bad stress adaptation. This effect in RWC was observed as 
indicator for reduced ability in osmotic adjustment in soybean and tobacco (Meyer and Boyer 
1981; Flexas et al. 2006), decreased water potential and loss of turgor in faba bean 
(Mwanamwenge et al., 1999). In line with our contrasting findings for S_062 and S_004, 
Abid et al. (2017) found different responses in RWC as dependent on the faba bean genotype. 
The authors explained this by different sensitivities in physiological processes such as 
stomatal adjustment and photosynthesis which was also observed in our study. 
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In line with our findings on proline content, the decline in RWC of S_062 was further 
intensified in the intercropped stand. These observations point to negative effects of 
intercropping on the susceptible osmoregulation of genotype S_062. We suggest that faba 
bean S_062 does not benefit from the mixture with wheat but rather suffers from competition. 
Dominance effects were also shown for switchgrass and milkvetch as well as for maize and 
pea (Xu, Li, and Shan 2008; Mao et al. 2012). More pronounced changes in RWC under 
increasing stress intensity were also observed on faba bean in a greenhouse experiment (Abid 
et al. 2017). However, this study was conducted in pure stands. We conclude that the 
combination of water deficit and competition observed in our study led to an inferior 
performance of genotype S_062 in intercropped stands.  
Intercropping promotes gas exchange of faba bean S_004 
The high RWC of faba bean S_004 suggests active physiological processes. One of the first 
physiological responses of grain legumes and other crops to drought is stomatal closure in 
order to avoid dehydration and water loss and to maintain the water status (Flexas et al. 2006; 
Stoddard et al. 2006). A strong interrelation therefore exists between NEE, ET and canopy 
surface temperature.  
NEE, ET and canopy surface temperature showed generally similar trends in terms of stress 
response as observed for the proline content. In our study, canopy surface temperatures of 
faba bean increased in both stands in response to water deficit, which is an indication on 
decreased transpiration rates and stomatal closure (Chaves et al. 2002; Khan et al. 2007; 
Farooq et al. 2010). Overall, stomatal closure was also clearly indicated by NEE and ET. This 
proves a physiological adaptation of all plants to water deficit in our experiment. However, 
faba bean genotypes S_062 and S_004 responded to a different extent and were also affected 
by the cropping system.  
Generally, maintenance of photosynthetic processes such as CO2 assimilation supporting high 
biomass production has been described as desirable for faba bean under low water supply 
(Link et al. 1999). This principle, however, was developed for plants grown in pure stands. In 
our study, intercropping improved the physiological activity and drought adaptation of faba 
bean S_004. Different characteristics in crop architecture of faba bean and wheat could have 
reduced the amount of unproductive water loss as evaporation in relation to transpiration as 
described in a study on several cereals (Tambussi, Bort, and Araus 2007). The ET is further 
dependent on the crop stand and its microclimate (Jákli et al. 2016). In our study, this effect is 
crucial in intercropped stands where the species complement one another. Especially in the 
intercropped stands with S_004, where bigger leaflets lead to a denser canopy. 
Water use efficiency and growth are determined by genotype and cropping system 
In correspondence to previously discussed results, we also observed differences between the 
genotypes regarding their WUE in our experiment. More precisely, we found combined 
effects of genotype and cropping system. The observation of a higher WUE in pure stands of 
S_062 and intercropped stands of S_004 is in line with our results in proline content and leaf 
area and partly reflects results from ET and RWC. The results therefore clearly point to a 
specific cropping system-dependent drought stress response of the different genotypes. 
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The observed variation in RWC, however, did not result in differing biomass production, 
which was also attested for common bean harvested after eight days of water deficit in a pot 
experiment by Ramos et al. (2003). This might be attributable to a concentration effect 
mentioned by Teulat et al. (1997). The authors stated an accumulation of osmotically active 
compounds due to impaired leaf expansion under water deficit. In fact, leaf area was reduced 
by water deficit in the drought susceptible treatments, i.e. S_004 in pure stands and S_062 in 
intercropped stands. According to Mwanamwenge et al. (1999), the reduction of leaf area is a 
common drought stress response of faba bean. It maintains turgor pressure and allows stomata 
to remain open for further photosynthetic activity. As a result, plants have a better ability to 
recover after re-irrigation.  
Though water deficit induced significant changes in several parameters, our plants recovered 
after re-irrigation to the same level as the respective control treatments. This sensitivity and 
concurrent ability to recover of faba bean was also observed by Mwanamwenge et al. (1999) 
at the same developmental stage (six leaves-stage). We therefore expect that a longer or more 
intense period of water deficit may have a stronger impact on the variation among treatments 
and the plants’ capability to recover. As a consequence, future studies should investigate 
longer periods of water deficit with a focus on recovering abilities of the plants.  
Reduced gas exchange and elevated canopy temperature under water deficit are indications of 
stomatal closure, leading to increases in WUE by 30.5 %. This response to water deficit is in 
accordance with a pot experiment on pure faba bean, where WUE was enhanced by about 50 
% under drastic reductions in water availability (Zabawi and Dennet 2010). The stomatal 
closure did surprisingly not lead to growth inhibition due to impaired CO2 assimilation as 
shown in field-grown sugar beet (Jákli et al. 2017). This might be due to different 
characteristics of the plant species or due to the time span of the growth period, which was 
shorter in our experiment than the vegetation period in the field. In a comparable greenhouse 
set up, results similar to our findings were observed in rice (Kamoshita et al. 2004). The 
osmotic adjustment of rice during drought did not directly affect the biomass production. We 
thus suggest that the observed results can be explained by previous luxury conductance of the 
stomata that could have been reduced to a certain extend without negative effects on 
physiological activity and biomass production.  
Other reasons for the absence of water deficit effects on DM production might be the 
relatively short period of water deficit and the young age of the plants. The experiment ended 
before initial flowering and there was less mutual shading than in full-grown crop stands. 
Consequently, we expect that effects on DM production will be more pronounced in a long-
term experiment analyzing the whole plant development including the generative state. To 
that age, only the tall growing genotype S_004 benefited from water use in intercropping 
when water was scarce. These contrasting responses of the genotypes suggest that not 
intercropping per se improves the drought tolerance of plants but that the level of inter-
specific competition with wheat can differ between faba bean genotypes. A dependence of 
plant characteristics on competition and facilitation has been already observed in field 
experiments on different grain legume-cereal intercropping (Hauggaard-Nielsen et al. 2008). 
In the intercropping system of S_004, the interaction between the two crop species avoided 
competitive situations and resulted in a positive mixture effect even at that plant 
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developmental stage. This was probably due to niche complementarity in rooting systems and 
water uptake that occur in pot experiments with faba bean-wheat intercropping (Bargaz et al. 
2016). These oppositional results of the genotypes observed in the present study further 
supported by data on physiological and biochemical data suggest different suitability of faba 
bean genotypes for intercropping with wheat. Caviglia et al. (2004) already mentioned that 
other selection criteria for cultivars are needed for intercropping than for pure stands. Thus, 
we propose that a cropping system-targeted breeding is necessary for a successful integration 
of winter faba bean into intercropping systems. 
Wheat benefits from intercropping with faba bean S_004 
In order to investigate whether differences in intercropping are derived from the performance 
of the faba bean genotype only or further affected by the responses of wheat, we evaluated 
competitive effects on the non-legume partner wheat. In intercropping with S_004, wheat 
showed higher DM per plant than in pure stands which was similar to the positive responses 
of faba bean. This indicates a clear beneficial mixture effect and thus superior performance of 
the intercropping S_004 with wheat with regard to biomass production. Moreover, the 
previously discussed overall suitability of faba bean S_004 for intercropping positively 
affected the proline content of wheat. In the recovery phase, the aforementioned stress signal 
of proline accumulation in wheat was lower in the mixture with S_004 than in the mixture 
with S_062. We thus conclude both species can increase their productivity in the mixture if 
suitable genotypes were chosen, as shown in several studies (e.g. Reynolds, Sayre, and Vivar 
1994; Yang et al. 2011; Bargaz et al. 2016).  
In pure wheat stands, the surface temperature, RWC and WUE as well as the DM were not 
remarkably affected by water deficit. This suggests high yield stability in intercropped as well 
as in pure stands. Similar results were found in other studies on wheat, barley and rice 
(Schonfeld et al. 1988; Teulat et al. 1997; Kumar, Malaiya, and Srivastava 2004). In these 
studies, high yield stability under drought conditions was derived from maintained water 
balance, which was reflected by high RWC of leaves. According to Vassileva et al. (2011), 
drought tolerant wheat genotypes are those with no drastic reductions in physiological 
mechanisms and fast recovery rates, which is in line with the definition of drought tolerance 
of faba bean genotypes (Link et al. 1999). Other drought tolerant wheat genotypes should be 
further investigated in intercropping with faba bean as the combination of faba bean and 
wheat genotypes is the main driver of successful intercropping systems (Brooker et al. 2015).  
5. Conclusion 
Intercropping of winter faba bean and winter wheat has the potential to increase the 
sustainability and productivity of agriculture. However, the impact of different genotypic 
characteristics on the drought stress tolerance within these cropping systems is poorly 
understood. The aim of this study was to investigate if and how the cropping system alters the 
impact of water deficit and re-irrigation on two winter faba bean genotypes and winter wheat. 
Furthermore, we aimed at revealing plant responses in dependence of the interacting effect of 
genotype, water deficit and cropping system by assessing a wide range of plant traits.  
Overall, the two winter faba bean genotypes grown in pure stands differed in their responses 
towards water deficit. Genotype S_062 revealed a higher ability to adapt to water scarce 
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environments in comparison to genotype S_004, which in contrast was more drought 
susceptible in pure stands. The general idea of enhanced drought tolerance due to positive 
synergistic effects in intercropping was only partly supported by our study, as we observed 
beneficial effects for intercropping faba bean S_004 with wheat, while intercropped genotype 
S_062 did not respond in the expected manner. The same pattern was shown by the WUE of 
the crop stands. Similarly, the responses in the other observed parameters towards water 
deficit were highly dependent on the combined effect of cropping system and genotype.  
As a consequence, we conclude that for the drought tolerance of intercropping systems, 
selection of the best winter faba bean genotype regarding complementary stand architecture 
and rooting patterns matters. Due to the complex physiological processes, we recommend that 
future studies should consider several traits in conjunction. These genotype-dependent 
interactions in intercropping further point to a demand for selection specific to intercropping 
in order to develop suitable cultivars. Here, our study provides a better understanding of plant 
responses to water deficits, though more detailed research based on relations of different 
physiological responses as well as replicability in field experiments is of crucial importance 
for the development of drought-tolerant genotypes and for the improvement of intercropping 
systems. 
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Table 1: Summary of all measured parameters at the end of water deficit of the two winter faba bean genotypes in intercropped and pure stands. 
Arrows: significant differences at p < 0.05, minus: no differences between control and water deficit treatment. Green: considered as positive 
response, black: considered as negative response. 
 
Parameter Winter faba bean 
 
 S_004 S_062 
 
 intercropping pure stands intercropping pure stands 
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Summary Overall, genotype S_004 demonstrated to be more drought tolerant in intercropped stands when 
genotype S_062 is rather drought susceptible. Contrariwise, the latter proved to be drought 








Figure 1: Seeding scheme of winter faba bean and winter wheat in pure stands and intercropping with pot dimensions and row distance. Squares: winter faba 
bean, circles: winter wheat. The picture (right) shows intercropped stands from control and water deficit treatments at the end of the experiment. 
 
Figure 2: Timeline of the experiment indicating harvests and measurements of canopy surface temperature and net gas exchange of CO2 (NEE) and H2O (ET) as 
well as leaf samplings for relative water content (RWC) and proline content; including the final harvest for dry matter (DM), leaf area (LA) and biomass water 
use efficiency (WUE). DAO: days after onset of the experiment. Brown: instantaneous measurements on the leaf level; green: instantaneous measurements on the 






















Figure 3: Dry matter and leaf area of winter faba bean genotypes S_004 and S_062 as well as winter wheat in intercropped and pure stands at the end of the 






















Figure 4: Water use efficiency of winter faba bean genotypes S_004 and S_062 as well as winter wheat in intercropped and pure stands at the end of the 
experiment (day 41). Intercropping considers the canopy of both species together. Error bars display the standard error. Different letters indicate significant 










Figure 5: Net ecosystem exchange of CO2 of intercropping and pure stands of winter faba bean and winter wheat. Intercropping considers the canopy of both 








Figure 6: Leaf relative water content (RWC) of winter faba bean and winter wheat in intercropped and pure stands. The arrow marks the end of the water deficit 






Figure 7: Proline content of winter faba bean and winter wheat in intercropped and pure stands. The arrow marks the end of the water deficit period. Error bars 
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Table S2: Evapotranspiration (mmol H2O m-2 s-1) of intercropping and pure stands of winter faba bean and winter wheat. Intercropping considers the canopy of 
both species together. WD: water deficit. SE: standard error. Different letters indicate significant differences within one measurement date at p < 0.05, LSD-test. 







day 24 –                   
before WD 
day 29 –               
beginning of WD 
day 34 –                      
end of WD 
day 38 –                         
re-irrigation 
        mean SE   mean SE   mean SE   mean SE   
Winter faba bean Intercropping S_004 Control 1.5 0.07 a 1.0 0.08 a 1.8 0.09 b 1.0 0.07 ab 
and winter wheat 
  
Water deficit 2.1 0.22 a 0.5 0.05 b 0.8 0.07 de 1.0 0.07 ab 
  
S_062 Control 1.6 0.23 a 1.1 0.15 a 1.4 0.04 bc 1.0 0.06 ab 
      Water deficit 1.7 0.05 a 0.4 0.03 b 0.5 0.03 e 0.7 0.05 b 
Winter faba bean Pure stand S_004 Control 1.7 0.21 a 1.1 0.14 a 1.2 0.18 cd 1.3 0.08 a 
   
Water deficit 1.6 0.12 a 0.4 0.07 b 0.8 0.33 de 1.2 0.19 a 
  
S_062 Control 1.4 0.21 a 1.2 0.10 a 2.5 0.19 a 1.1 0.03 a 
      Water deficit 1.8 0.46 a 0.4 0.02 b 1.1 0.17 cd 1.1 0.16 a 
Winter wheat Pure stand  - Control 1.5 0.22 A 0.6 0.06 A 1.0 0.15 A 0.7 0.09 A 
  






Table S3: Canopy surface temperature (°C) of intercropping and pure stands of winter faba bean and winter wheat. Intercropping considers the canopy of both 
species together. WD: water deficit. SE: standard error. Different letters indicate significant differences within one measurement date at p < 0.05, LSD-test. Small 







day 24 –                   
before WD 
day 29 –               
beginning of WD 
day 34 –                      
end of WD 
day 38 –                         
re-irrigation 
        mean SE   mean SE   mean SE   mean SE   
Winter faba bean  Intercropping S_004 Control 22.6 0.85 ab 23.2 0.39 d 23.7 0.24 e 24.6 0.12 ab 
and winter wheat 
  
Water deficit 23.9 0.43 a 24.7 0.26 bc 25.3 0.34 bc 24.3 0.17 ab 
  
S_062 Control 23.4 0.61 ab 23.8 0.18 cd 24.2 0.19 de 24.9 0.20 a 
      Water deficit 22.1 0.17 b 25.8 0.38 ab 25.4 0.16 b 25.2 0.10 a 
Winter faba bean Pure stand S_004 Control 23.7 0.47 ab 23.1 0.28 d 23.7 0.12 e 24.5 0.29 ab 
   
Water deficit 23.8 0.74 ab 26.0 0.46 a 25.3 0.28 bc 24.0 0.34 b 
  
S_062 Control 22.8 0.38 ab 25.8 0.35 ab 24.7 0.19 cd 25.2 0.56 a 
      Water deficit 23.8 0.37 ab 26.6 0.62 a 26.4 0.23 a 25.2 0.15 a 
Winter wheat Pure stand  - Control 23.8 0.13 A 22.8 0.30 A 23.8 0.20 A 23.9 0.57 A 
  






Table S4: Leaf relative water content (%) of intercropping and pure stands of winter faba bean and winter wheat. WD: water deficit. SE: standard error. Different 
letters indicate significant differences within one measurement date at p < 0.05, LSD-test. Small letters: differences among winter faba bean treatments; capital 





treatment day 29 – beginning of WD day 34 – end of WD day 38 – re-irrigation 
        mean SE   mean SE   mean SE   
Winter faba bean Intercropping S_004 Control 93.8 2.17 a 90.0 1.78 ab 94.6 2.22 a 
   
Water deficit 93.8 1.54 a 92.6 3.34 a 93.0 0.86 ab 
  
S_062 Control 95.9 2.25 a 97.2 0.95 a 88.9 1.37 b 
 
    Water deficit 85.1 3.67 b 72.9 4.27 c 88.4 1.53 b 
 
Pure stand S_004 Control 92.5 2.20 ab 94.7 2.36 a 91.7 0.87 ab 
   
Water deficit 91.5 2.78 ab 89.7 1.48 ab 91.5 0.49 ab 
  
S_062 Control 90.3 1.46 ab 95.1 0.98 a 90.8 0.94 ab 
      Water deficit 87.9 3.88 ab 84.5 2.95 b 90.3 3.09 ab 
Winter wheat Intercropping S_004 Control 90.8 3.78 A 99.9 1.00 B 100.3 1.13 AB 
   
Water deficit 94.3 1.63 A 104.4 2.94 AB 103.4 1.71 A 
  
S_062 Control 95.5 2.04 A 108.6 2.90 A 98.6 0.43 B 
 
    Water deficit 95.9 2.55 A 102.9 1.75 AB 98.4 1.10 B 
 
Pure stand  - Control 95.4 1.04 A 97.8 1.89 B 99.9 1.06 AB 
  






Table S5: Leaf proline content (µg proline g-1 FW) of intercropping and pure stands of winter faba bean and winter wheat. WD: water deficit. SE: standard error. 
Different letters indicate significant differences within one measurement date at p < 0.05, LSD-test. Small letters: differences among winter faba bean treatments; 





treatment day 29 – beginning of WD day 34 – end of WD day 38 – re-irrigation 
        mean SE   mean SE   mean SE   
Winter faba bean Intercropping S_004 Control 292.4 0.20 c 398.0 9.14 cd 569.2 59.22 b 
   
Water deficit 414.1 89.30 bc 645.7 79.13 cd 602.6 14.48 b 
  
S_062 Control 423.9 6.17 bc 328.8 18.85 d 665.9 47.89 ab 
 
    Water deficit 434.3 43.0 b 1690.1 233.4 a 785.5 74.4 a 
 
Pure stand S_004 Control 564.0 NA a 488.6 107.17 cd 587.9 39.77 b 
   
Water deficit 610.3 28.15 a 1047.3 122.08 b 532.2 66.18 bc 
  
S_062 Control 341.7 7.21 bc 633.0 120.39 cd 409.8 42.48 c 
      Water deficit 374.3 34.04 bc 693.4 78.10 c 399.6 41.86 c 
Winter wheat Intercropping S_004 Control 455.2 7.41 B 560.9 52.97 BC 422.1 18.62 B 
   
Water deficit 466.4 73.42 AB 724.1 98.78 AB 429.8 340.93 B 
  
S_062 Control 584.0 39.72 AB 355.2 61.75 C 846.4 55.11 A 
 
    Water deficit 567.2 54.03 AB 481.9 48.64 BC 643.3 113.52 AB 
 
Pure stand  - Control 624.0 25.57 A 810.9 193.81 A 609.2 152.51 AB 
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Drought is one of the most important environmental stresses and causes severe decline in crop 
yields. Sustainable agricultural practices such as new crop genotypes or intercropping might 
have the potential to alleviate prognosticated changes in precipitation and temperatures. As 
plant-associated microbial communities are important for plant growth and health, it is of 
crucial interest to understand how changing environmental conditions such as drought will 
affect the plant microbiome. However, our understanding about the effects of cropping system 
and drought on plant microbiome is still scarce. In the present study, we investigated how 
water deficit change the active bacterial community in the rhizosphere soil and leaf 
endosphere of winter wheat (genotype: Genius) and two winter faba bean genotypes (S_004; 
S_062) under different cropping systems. We showed that crop species, genotype and plant 
compartment significantly influenced the active bacterial community in their composition and 





and water deficit. For example, endophytic bacterial diversity and richness were significantly 
reduced by water deficit specific for one faba bean genotype which was mainly related in 
changes of plant physiological parameters such as chlorophyll content and sugar 
concentration in leaves. In contrast, in the rhizosphere soil alpha-diversity demonstrated a 
marked resistance towards water deficit, whereas bacterial community composition was 
significantly altered dependent on faba bean genotype. Predicted functional profiles obtained 
from 16S rRNA data revealed that similar to composition, crop species and compartment 
significantly changed functioning; however cropping system and water deficit did not 
influence these profiles. Obtained results highlight that there are complex interactions 
between plants, associated microorganisms and their environment that might influence 
agricultural productivity. 
1. Introduction 
Agricultural droughts can create serious threats to food security by reducing crop yields 
worldwide (Fahad et al., 2017; Zampieri et al., 2017). It is prognosticated that changes in 
precipitation and temperatures will increase the duration and frequency of drought periods in 
Europe in the next 20 years (Christensen and Christensen, 2007; Spinoni et al., 2015). Thus, 
there is a growing demand for drought tolerant cultivars which improve crop yields even 
under dry climatic conditions (Nuccio et al., 2018). Plant responses to water deficit include 
root biomass adjustment, stomatal activity, increased water use efficiency (WUE), or the 
synthesis of osmolytes such as sugar (Bray, 1997; Osakabe et al., 2014). These responses 
differ between plant species, genotype, and plant development stage (Mwanamewenge et al., 
1999; Abid et al., 2017; Ouyang et al., 2017). In addition, beneficial microorganisms can 
increase the resistance and resilience to stress conditions such as drought (de Zelicourt et al., 
2013). The inoculation with endophytic bacteria including Burkholderia phytofirmans or 
Bacillus subtilis conferred drought resistance in different plant species including Zea mays 
(Naveed et al., 2014), Brachypodium distachyon (Gagné-Bourque et al., 2015) and Sorghum 
bicolor (Xu et al., 2018). For example, Gagné-Bourque et al., (2015) showed that an 
inoculation of an endophytic Bacillus subtilis strain isolated from switchgrass conferred 
drought resistance in Brachypodium distachyon via upregulation of drought-response genes, 
modulation of the DNA methylation process, and an increase in the soluble sugars and starch 
content of leaves. In addition, endophytic bacteria contribute to nutrient acquisition, promote 





et al., 2017). Thus, they are important in a sustainable agriculture (Ryan et al., 2008; Berg et 
al., 2009). 
 Previous studies reported significant effects of drought and re-watering on microbial 
communities (e.g., Xu et al. 2018; Nguyen et al. 2018; Naylor et al., 2017). Recently, Xu et 
al., (2018) found that drought significantly restructured the bacterial composition in roots of 
sorghum. In addition, bacteria showed a high degree of resilience after re-watering. Similar 
effects of drought on the overall bacterial community composition in different rice 
compartments were observed by Santos-Medellin et al., (2017). The authors concluded that 
the restructuring of the associated microbiome might contribute to plant survival under 
extreme environmental conditions. According to Nguyen et al., (2018), agricultural practices 
such as nitrogen fertilization can restrain the resilience of soil bacterial communities after 
prolonged drought. Other agricultural practices such as intercropping systems have received 
more attention in the past decades (Yang et al., 2011; Hu et al., 2017) as intercropping of 
wheat and maize significantly increased water use and water use efficiency compared to sole 
cropping (Yang et al., 2011).  
So far, most studies investigating the response of microbial communities towards 
environmental stressors such as drought focused on the entire microbial community (Kaurin 
et al., 2018; Nguyen et al., 2018; but see Barnard et al., 2013). However, the potentially active 
microbial community is more sensitive to abiotic stresses and thus is more closely related to 
ecosystem functionality (Blagodatskaya and Kuzyakov, 2013; Herzog et al., 2015; Taschen et 
al., 2017). Therefore, it is important to understand how water deficit and different cropping 
systems alter the active plant-associated bacterial community of important crop species. 
Hence, the aim of the present study was to investigate the influence of water deficit and re-
watering on the metabolically active bacterial communities of winter wheat (Triticum 
aestivum L.; genotype: Genius) and two genotypes of winter faba bean (Vicia faba L.; S_004 
and S_062) under different cropping systems. We hypothesized that (i) composition, diversity 
and associated taxa of the active bacterial community are affected by crop species, faba bean 
genotype and plant compartment. We expected further (ii) that response of the bacterial 
community towards water deficit and cropping system is dependent on these factors. Based on 
previous findings (Wemheuer et al., 2017), we hypothesized that (iii) bacterial functioning is 
altered in a different manner towards cropping system and water deficit as the bacterial 
community composition 
To corroborate these hypotheses, wheat and two genotypes of faba bean were grown in 





(control treatments). Plant and soil samples were collected at three time points: beginning of 
water deficit, during water deficit and after re-watering. Bacterial communities in rhizosphere 
and leaf endosphere were examined by iTag sequencing of bacterial 16S rRNA genes, 
amplified by two-step reverse transcriptase PCR. Functional profiles of active community 
members were predicted using Tax4Fun. To our knowledge, this is the first study 
investigating the combined and separate effect of intercropping and drought stress on the 
metabolically active plant-associated bacterial community of two important crop species. 
Obtained results will further deepen our understanding how sustainable agricultural practices 
and plant-associated microorganisms might mitigate future drought events.   
2. Material and Methods 
2.1 Plant material 
To examine the combined influence of cropping system and water deficit on the active 
bacterial community in roots and attached soil (here regarded as rhizosphere soil) and aerial 
(here regarded as leaf) endosphere, a greenhouse experiment was conducted in autumn 2016. 
Seeds of the two faba bean genotypes (genotypes: S_004; S_062) were provided by the 
Institute of Plant breeding of the University of Göttingen. The two winter faba bean genotypes 
S_004 and S_062) were selected based on a previous field trial-tested inbred lines used within 
the IMPAC3 project (Novel genotypes for mixed cropping allow for improved sustainable 
land use across arable land, grassland and woodland). The genotype S_004 is characterized 
by medium height and leaf size, low tillering, late maturity, and high yield. In contrast, 
genotype S_062 is very short with small leaflets, high tillering, and early maturing. Seeds of 
winter wheat (genotype: Genius) were provided by Norddeutsche Pflanzenzucht Hans-Georg 
Lembke KG. All seeds were surface-sterilized by serial washing according to Andreote et al., 
(2010) with one modification. Immersion in sterile distilled water was performed four times 
for 30 s. Surface sterilized seeds were placed on wet sterile tissues and germinated at 7 °C 
under dark conditions until seedlings developed roots with a length of approximately 4 cm.  
2.2 Experimental design and soil substrate 
Pre-germinated seeds of faba bean and wheat were sown in monoculture or as mixture in 
polypropylene containers (Sunware; 45.5 x 36 x 24 cm) in a randomized block design (day 0, 
DAO, days after onset of experiment). Twelve treatments were established: faba bean 
monoculture S_004 with or without water deficit (S4_FBM_D/C), faba bean monoculture 





wheat with or without water deficit (S4_FBIC_D/C; WIC_D/C), faba bean S_062 
intercropped with wheat with or without water deficit (S62_FBIC_D/C; WIC_D/C), and 
wheat monoculture with or without water deficit (WM_D/C; Table 1). Each treatment was 
replicated four times, resulting in a total of 40 containers. We defined two different cropping 
systems (monoculture and intercropping), whereas cropping regimes compromised each 
treatment, e.g. WM_D and FBM_C.        
 For monocultures, 30 faba bean or 72 wheat seeds per container were sown in six 
rows. For intercropping systems, 36 wheat and 15 bean seeds were sown in alternate rows 
(Vandermeer, 1992). Each container was filled with air-dried, sieved (< 10 mm) and layered 
soil from the experimental study site in Reinshof (51.48° N, 9.92° E and 157m asl.), 
Germany. The soil volume of each pot accounted for approximately 20 L with a dry weight of 
18 kg. Filling of the pots was performed in layers adding distilled water to each layer to 
prevent soil compaction. After emergence of the seedlings, the soil was covered by gravel to 
minimize water loss by evaporation. The soil was classified as Gleyic Fluvisol according to 
the FAO classification system and contained 21% clay, 68% silt and 11% sand, with pH 7.3 
and 2.8 % Humus. Nutrients such as phosphorus (50 mg P/kg dry soil) and potassium (140 
mg K/kg dry soil) were in an optimal range according to the German nutrient-availability 
class system (Kuchenbuch and Buczko 2011).  
2.3 Water management and growth conditions 
During the experiment, photosynthetic photon flux density was 400 µmol m-2 s-1at plant level 
with a 10/14 h day/night photoperiod. Furthermore, the CO2 concentration reached around 
450 ppm. There was a relative humidity of 50 % and an average air temperature of 23 °C. 
Water loss by transpiration was documented by placing the pots permanently on balances 
(TQ30, ATP Messtechnik, Germany). The weight reduction was measured every 30 minutes 
in order to constantly determine water consumption. This systems avoids hidden drought due 
to higher transpiration of increased biomasses (Senbayram et al., 2015). Plants of all 
treatments were irrigated with distilled water to 90 % field capacity. After a growing period of 
24 days and a BBCH of 14/34 for faba bean and a BBCH of 14/15 of wheat plants 
(Lancashire et al.,1991). The amount of water in water deficit treatments was reduced to 75% 
compared to control treatments. At day 28, the amount of water in these treatments was 
further reduced to 25%. Day 34, all water deficit treatments were re-watered with the 
adequate amount of water according to plant growth and water consumption. All control pots 






Soil and plant samples were collected from control and water deficit treatments at day 29 
(beginning of water deficit), day 34 (during water deficit) and at day 38 (after re-watering of 
water deficit plants) (Figure 1). For microbial community analysis, one faba bean and two 
wheat plants per container and harvest were randomly sampled which showed no obvious sign 
of any disease infection. The roots were gently shaken to remove the non-rhizosphere soil. 
Rhizosphere soil for pH-value and C/N was collected by carefully brushing the roots. 
Rhizosphere soil and roots of each plant species and each pot were pooled for molecular 
analysis. All samples for molecular analysis were immediately frozen in liquid nitrogen, 
transferred to the laboratory and stored at -80°C. In total, 96 faba bean (48 plants of each 
genotype) and 144 wheat plants were collected. Rhizosphere and aerial plant parts of each 
crop species and container were pooled, resulting in a total of 96 faba bean and 72 wheat 
samples (Table 1). 
2.5 Edaphic properties and plant stress-related parameters 
For determination of edaphic properties such as total organic carbon and total organic 
nitrogen subsamples of all rhizosphere samples were dried at 60°C for two days and 
subsequently sieved to < 2mm. Carbon and nitrogen concentrations from dried subsamples 
were determined using a NA-1500N analyser (Thermo Fisher Scientific, Waltham, USA). 
Afterwards, the carbon-to-nitrogen (C/N) ratio was calculated. The pH values of all 
rhizosphere soil samples were measured as follows: 10g of dried and sieved soil was added in 
a small beaker with 25 ml 0.01 M calcium chloride. Soil solution was homogenized after 30 
min and 60 min, and subsequently soil pHCaCl was measured.     
 The height and aerial fresh biomass of all plants used for microbial community 
analysis were measured. Estimation of chlorophyll concentration was conducted using SPAD-
502Plus meter (Konica Minolta, Japan) on the youngest fully expanded leaf to survey the 
availability of plant nitrogen. Three faba beans and one wheat plant per container were 
measured. For determination of soluble sugar content, approximately 50 mg of plant material 
from the youngest fully expanded leaf was homogenized with 1.8 ml ddH2O in a 
thermoshaker at 60°C and subsequently centrifuged at 13,000 rpm for 45 min. Samples were 
vortexed every 12-15 min. Afterwards, samples were centrifuged at 14,000 rpm for 20 min. 
Extracted supernatant was stored at -20°C until measurement. Soluble sugar content (mg/g, 
dry weight) was determined using the Sucrose/D-Glucose/D-Fructose kit as recommended by 





¼. Moreover, glucose was added to sucrose, and an additional cuvette was used only with 
glucose and extinction one was measured after 5 minutes. The soluble sugar content was 
measured spectrophotometrically (V-650, Jasco Corporation, Japan) at 340 nm using glucose 
or glucose and sucrose as control. Details on edaphic properties and plant parameters are 
provided in Table S1. 
2.6 Surface sterilization of pant material 
Leaves were surface sterilized according to Wemheuer and Wemheuer (2017). The 
effectiveness of applied sterilization process was controlled as described previously 
(Wemheuer et al., 2016). In brief, aliquots of the water used in the final wash step were plated 
on common laboratory media plates, i.e., Luria-Bertani agar and potato dextrose agar. The 
plates were incubated in the dark at 25°C for at least one week. No growth of microorganisms 
was observed. In addition, water from the same aliquots was subjected to PCR targeting the 
bacterial 16S rRNA gene as described below for microbial community analysis. No PCR 
products were detected. 
2.7 RNA Extraction and Purification 
Environmental RNA of the rhizosphere was extracted from 2 g soil per sample employing the 
RNA PowerSoil total RNA isolation kit as recommended by the manufacturer (MoBio 
Laboratories, Carlsbad, CA, USA, now Qiagen, Hilden, Germany). RNA was extracted from 
100 - 250 mg plant material according to Weinbauer et al., (2002) with slight modifications: 2 
ml tubes were used, and all solution volumes were 10-times reduced. In addition, the first 
vortexing step was performed with a FastPrep® - 24 Classic Instrument (Biomedicals) at 4m/s 
for 60s. Extracted RNA was purified employing the RNeasy Mini Kit as recommended by the 
manufacturer (Qiagen, Hilden, Germany) with modifications according to Streit and Daniel 
(2010). Residual DNA was removed with the TURBO DNA-free™ kit (Thermo Scientific) 
from the extracted RNA according to the manufacturer’s protocol. In addition, 1/40 volume 
Ribolock RNase Inhibitor (40U/ µL) (Thermo Scientific) was added in the first step of the 
DNA digestion. The absence of DNA was confirmed by PCR using the partial 16s rRNA as 
target gene for amplification of bacteria. For details of the PCR reaction and cycling 
conditions as well as the primers see the first PCR according to Wemheuer and Wemheuer 
(2017). The DNA-free RNA was further purified according to Streit and Daniel (2012). RNA 
concentrations were determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop 





2.8 Synthesis of cDNA from total RNA 
Purified RNA from 168 plant and 168 rhizosphere samples were converted to cDNA by 
employing the SuperScriptTMIII reverse transcriptase Kit as recommended by the supplier 
(Invitrogen, Karlsruhe, Germany) with two modifications. Same reverse primer 1193r (20µM) 
was used for the reaction as for the following PCR. After the last step, 0.5 µl RNase H (5 
U/µl; Fermentas) was added, and samples were incubated for 15 min at 37°C and 
subsequently for 10 min at 65°C. CDNA was stored at -20°C.  
 
2.9 Amplification of 16S rRNA gene  
Bacterial communities in leaves and rhizosphere were assessed by PCR approach targeting 
the V5-V7 region of the 16S rRNA gene. The following primers were used: 799F (Chelius 
and Triplett, 2001) and 1193R (Bodenhausen et al., 2013; Hartman et al., 2017) containing 
MiSeq adaptors (underlined) Miseq-799F 5’-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAACMGGATTAGATACCCKG-3’; 
MiSeq- 1193R 5’GTCTCGTGGGCTCG 
GAGATGTGTATAAGAGACAGACGTCATCCCCACCTTCC-3’. The PCR mixture (25 µl) 
contained 5 µl of five-fold Phusion GC buffer, 200 µM of each of the four deoxynucleoside 
triphosphates, 4 µM of each primer, 0.5 U of Phusion high fidelity DNA polymerase (Thermo 
Scientific) and approximately 50 ng of cDNA as template. The following thermal cycling 
scheme was used: initial denaturation at 98°C for 30 s, 30 cycles of denaturation at 98°C for 
15 s, annealing at 53°C for 30 s, followed by extension at 72°C for 30 s. The final extension 
was carried out at 72°C for 2 min. Negative controls were performed using the reaction 
mixture without template. Genomic DNA of Escherichia coli strain DH5α was used as 
template in the positive control. Three independent PCRs were performed per sample. 
Obtained PCR products per sample were controlled for appropriate size, pooled in equal 
amounts, and purified using the NucleoMag NGS Clean up (Macherey-Nagel, Düren, 
Germany).  
Quantification of the purified PCR products was performed using the Quant-iT dsDNA HS 
assay kit and a Qubit fluorometer (Thermo Scientific) as recommended by the manufacturer. 
Quantified PCR products were barcoded using the Nextera XT-Index kit (Illumina, San 
Diego, USA) and the Kapa HIFI Hot Start polymerase (Kapa Biosystems, Wilmington, USA). 





employing the MiSeq Sequencing platform and the MiSeq Reagent Kit v3 (2 x 300 cycles) as 
recommended by the manufacturer (Illumina). 
2.10 Processing of bacterial community dataset 
Generated sequencing data were initially quality filtered with the Trimmomatic tool version 
0.36 (Bolger et al., 2014). Low quality reads were truncated if the quality dropped below 15 
in a sliding window of 4bp. Subsequently, all reads shorter than 100bp and orphan reads were 
removed. Remaining sequences were merged, quality-filtered and further processed with 
USEARCH version 10.0.240 (Edgar, 2010). Filtering included the removal of reads shorter 
than 300 or longer than 500 bp as well as the removal low quality reads (expected error > 1) 
and reads with more than one ambitious base.      
 Processed sequences of all samples were concatenated to one file and subsequently 
dereplicated into unique sequences. These sequences were denoised with the unoise3 
algorithm implemented in USEARCH (Edgar, 2010). Chimeric sequences were initially 
removed in denovo mode during denoising. Subsequently, remaining chimeric sequences 
were removed using UCHIME (Edgar et al., 2011) in reference mode with the SILVA SSU 
Ref NR 99 132 database (Quast et al., 2013) as reference data set for bacteria. All zOTUs 
consisting of one single sequence (singletons) were removed.    
 Filtered sequences were mapped on remaining unique sequences to determine the 
occurrence and abundance of each unique sequence in every sample. To assign taxonomy of 
bacteria chimera-free sequences were classified by BLAST alignment against the most recent 
SILVA database (Quast et al., 2013) with an e-value threshold of 1e-20. All non-bacterial 
zOTUs were removed based on their taxonomic classification in the respective database. Final 
zOTU table is provided in Table S2. Only zOTUs occurring in more than one sample were 
considered for further statistical analysis. Samples with less than 145 sequences per sample 
were removed prior statistical analysis, resulting in 323 samples for bacteria. 
2.11 Statistical Analysis 
All statistical analyses were performed using R version 3.4.0 (R Core Team, 2016). 
Differences were considered as statistically significant with P ≤ 0.05. Differences in alpha- or 
beta-diversity as well as sequencing depth with regard to cropping system and water treatment 
(yes/no) were tested by a Kruskal-Wallis test. There were no significant differences of the 
mean sequencing depths between cropping system and water treatment. In consequence, 





Alpha-diversity indices (Richness, Shannon index of diversity and Michaelis Menten 
Fit) were calculated in the vegan package version 2.4.4 (Oksanen et al., 2016) and the drc 
package version 3.0-1 (Ritz and Streibig, 2016). zOTU table was rarefied using the rrarefy 
function in vegan and samples with less than 2,935 (rhizosphere soil) and 1,790 (leaves) were 
removed prior alpha-diversity analysis. Sample coverage was estimated using the Michaelis-
Menten Fit calculated in R. For this purpose, richness and rarefaction curves were calculated 
using the picante package version 1.6-2 (Kembel et al., 2010). Richness and diversity were 
calculated using the specnumber and diversity function, respectively. The Michaelis-Menten 
Fit was subsequently calculated from generated rarefaction curves using the MM2 model 
within the drc package version 3.0-1 (Ritz and Streibig, 2016). All alpha-diversity indices 
were calculated 10 times. The average from each iteration was used for further statistical 
analysis. Final table containing bacterial richness, diversity, Michaelis-Menten Fit and 
coverage is provided in Table S3.        
 Data were tested for normal distribution with shapiro and homogeneity of variance 
with leveneTest function with the package car version 2.1-5 (Fox and Weisberg, 2011). For 
global differences (for all three harvests) between measured edaphic properties and plant 
parameters were calculated with a linear mixed model with the function lme and the R 
package nlme version 3.1-131 (Pinheiro et al., 2017) with pot number as random factor. Data 
was log-transformed when not normal distributed. F-values were evaluated with ANOVA and 
type=”marginal”. In addition, each harvest was tested separately with a post hoc test using 
Dunn’s test with p-value adjustment “BH” and the function dunnTest in the R package FSA 
version 0.8.17 (Ogle, 2016). Alpha-diversity was evaluated with Kruskal-Wallis-test or the 
post hoc test using dunnTest. Differences in community composition as well as function were 
investigated by permutational multivariate analysis of variance (PERMANOVA; Anderson, 
2001) based on Bray-Curtis distance matrices using 999 random permutations. OTU tables 
were subsampled ten times and all tables were summed up to account for low abundant 
species. Global differences (all three harvests) in crop species and compartment were tested 
with Adonis and specified with “strata=pot”. A significant p-value in PERMANOVA for beta-
diversity can be driven by true biological differences, differences within group (variance) or 
both (Anderson, 2001). In case of significant p-values in PERMANOVA, we tested for 
differences in homogeneity using permutational analysis of multivariate dispersions 
(PERMDISP, Anderson, 2006) with 999 permuations. NMDS, PERMANOVA and 
PERMDISP were run using functions; metaMDS, adonis and betadisper, respectively, in the 





visualized using the metaMDS function within the vegan package (Oksanen et al., 2016). To 
investigate in differences between cropping cropping regimes, pairwise Adonis with p-value 
adjustment “BH” based on Bray-Curtis distances were used (Martinez Arbizu, 2017). 
To identify zOTUs highly associated to cropping regime and crop genotype with 
regard to plant compartment, multipattern analyses were applied. For that purpose, bacteria 
were investigated using the multipatt function from the IndicSpecies package version 1.7.6 
(DeCáceres and Legendre, 2009). Only bacterial zOTUs found in at least three samples were 
used. The biserial coefficients (R) with a particular cropping regime or genotype were 
corrected for unequal sample size using the function r.g (Tichy and Chytry, 2006). For 
visualization, a bipartite network was generated using the treatment as source nodes and the 
taxa as target nodes. Network generation was performed using the edge-weighted spring 
embedded layout algorithm in Cytoscape version 3.3.0 (Shannon et al., 2003). The results of 
the multipattern analyses are provided in Table S4. Functional profiles were predicted from 
obtained 16S rRNA gene data using Tax4Fun2 (Aßhauer et al., 2015). Tax4Fun transforms 
the SILVA-based zOTU classification into a taxonomic profile of KEGG organisms, which is 
subsequently normalized by the 16S rRNA copy number (obtained from NCBI genome 
annotations). Afterwards, KEGG profiles are converted into artificial metagenomes by 
combining functional profiles calculated for each of the KEGG genomes. Genes involved in 
nutrient cycling, plant-growth promoting and stress were identified in the resulting profiles 
and visualized in a heatmap using heatmap function. 
3. Results and Discussion 
3.1.1 Stress-related plant parameters 
As abiotic stress has been shown to affect plant growth and productivity by imposing certain 
physiological and biochemical changes, we investigated in several plant-stress related 
parameters such as soluble sugars or chlorophyll content (Abid et al., 2017). Moreover, 
intercropping systems have been shown to enhance plant growth compared to monoculture 
(Song et al. 2007b). Here, we found that biomass of faba bean genotype S_004 and wheat was 
significantly higher in WIC/FBM compared to WM/FBIC (LMM; df=13, F=6.73, p=0.022; 
df=21, F=11.15, p=0.0031) (Table 2). Effects of cropping system on height were only 
observed during harvest 3. Genotype S_004 was significantly taller in monoculture compared 
to intercropping system (Kruskal-Wallis (KW)-test, x2=4.21, df=1, p=0.04). Chlorophyll 
content of faba bean genotype S_062 and wheat were significantly influenced by water 





p=0.0018), respectively (Table 3). Highest chlorophyll values in S_062 were observed for 
water deficit treatment/FBIC compared to control/FBM. Linear mixed effect model showed 
that sucrose was significantly influenced by cropping system in wheat leaves (LMM, df=21, 
F=7.61, p=0.0118). Furthermore, we observed significantly lower values of all three soluble 
sugar concentrations in S_062 under water deficit compared to control for harvest 2 (Table 4; 
KW-test, glucose, x2=6.89, df=1, p=0.008; sucrose, x2=4.86, p=0.027; fructose, x2=4.42, 
p=0.035). 
3.1.2 Edaphic parameters 
We investigated in several edaphic properties including pH-value, total organic carbon and 
nitrogen, as previous studies have been shown that cropping system or drought can change 
chemical characteristics in the rhizosphere soil (Song et al., 2007b; Preece and Peñuelas, 
2016). We found that cropping system was the most influencing factor on edaphic properties 
compared to water treatment. Results of linear mixed effect model showed that pH-value was 
significantly influenced by cropping system in the rhizosphere of wheat (LMM, df=21, 
F=5.72, p=0.00262). This was mainly observed for harvest 2, with lowest pH values under 
WIC (Table 5). In addition, we observed that pH value was significantly lower in FBIC 
compared to FBM for both genotypes specific for harvest 2 (KW-test, S_004 x2=6.37, df=1, 
p=0.0116; S_062: x2=10.63, df=1, p=0.0011). C:N ratio as well as carbon were significantly 
affected by cropping system in the wheat rhizosphere (LMM, C:N ratio: df=21, F=5.96, 
p=0.023; carbon: df= 21, F=4.47, p=0.046). Total nitrogen and carbon had significant lower 
values under WIC compared to WM for harvest 3 whereas the opposite was observed for 
harvest 2. Cropping system also significantly influenced C:N ratio in S_004 (S_004; LMM, 
df=13, F=50.54, p<0.0001) and had highest C:N ratio was found under FBIC compared to 
FBM (Table 6).  
3.2 Overall bacterial community 
The response of bacterial communities of faba bean and wheat towards water deficit under 
different cropping systems was assessed by Illumina (MiSeq) sequencing targeting the 
bacterial 16S rRNA gene. After removal of low quality reads, PCR artefacts (chimeras) and 
non-target contaminations, a total of 3,592,483 high quality reads were obtained for bacteria 
Table S3. Sequence numbers per sample varied between 145 to 71,557 (average 11,120) and 





Michaelis-Menten Fit and rarefaction curves confirmed that the majority of the bacterial 
community was recovered by the surveying effort (Figures S1, S2, Table S3). 
Bacteria were dominated by seven phyla (>0.5% of all sequences across all samples): 
Proteobacteria (74.71%), Actinobacteria (9.56%), Bacteroidetes (9.49%), Gemmatimonadetes 
(2.77%), Acidobacteria (1.16%), Chloroflexi (0.72%) and Entotheonellaeota (0.58%) (Figure 
2, 3). The Proteobacteria were dominated by Gammaproteobacteria (60.12%), followed by 
Alpha- (8.75%) and Deltaproteobacteria (5.84%). The abundant bacterial phyla were present 
in all samples and accounted for 99.0%, of all sequences analysed in this study. At family 
level, Burkolderiaceae (49.55%), Microscillaceae (4.19%) and Halomonaceae (3.11%) 
dominated the bacterial dataset. The most frequent bacterial genus was Curvibacter (29.34%). 
Other abundant genera were, for example, Mitsuaria (10.72%), Halomonas (1.85%), 
Rhizobacter (1.64%), Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (1.59%) and 
Ohtaekwangia (1.59%). Results are in line with previous studies investigating in plant-
associated bacterial communities (Gdanetz et al., 2017; Naylor et al., 2017; Zhou et al., 2017). 
3.3 Bacterial community was strongly affected by crop species and compartment  
According to our first hypothesis that crop species, genotype and compartment affect 
bacterial community, we calculated diversity (represented by the Shannon index H’) and 
richness (number of observed unique sequences). Leaf bacterial richness was significantly 
influenced by crop species. We observed significantly higher bacterial richness in faba 
bean plants for harvest 1 and 2 (KW-test, H1, x2=5.99, df=1, p=0.014, H2, x2=6.50, df=1, 
p=0.011). In the rhizosphere, we found that bacterial richness was significantly higher in 
wheat compared to faba bean (KW-test, H1, x2=4.08, df=1, p=0.043). Genotype did not 
influence bacterial alpha-diversity.         
 In line with our hypothesis, plant compartment and crop species significantly 
influenced microbial community composition (Table 9). Compartment explained 40.7% of 
the variance in the bacterial dataset (PERMANOVA, p=0.001), whereas crop species 
explained 3.3% and 1.9% of the variance in the leaf endosphere and rhizosphere soil 
(PERMANOVA, leaves, p=0.001; rhizosphere, p=0.003). Faba bean genotype only 
influenced bacterial community composition in the rhizosphere specific for harvest 1 (Table 
9). Here, genotype explained 6.1% of the variance (PERMANOVA, p=0.016). Moreover, 
several bacterial taxa differed in their abundance with regard to crop species and 
compartment. For example, Curvibacter was the predominant bacterial genus found in the 





Curvibacter was found with 4.72% abundance (Figure 2, 3). Higher relative abundance of 
Halomonas was recorded in wheat leaves (4.83%) compared to faba bean genotypes (S_004: 
1.58% and S_062: 1.29%). In addition, Allorhizium-Neorhizobium-Pararhizobium-Rhizobium 
was more often found in faba bean rhizosphere (4.08%) compared to wheat (0.06%).  
 In line with our results, previous studies showed significant effects of crop species 
on bacterial composition and diversity in the rhizosphere soil and plant endosphere 
(Wemheuer et al., 2017; Zhou et al., 2017). Partly in contrast to our observation, previous 
studies reported that plant genotype significantly affected bacterial community in the 
rhizosphere (Mahoney, Yin and Hulbert, 2017; Li et al., 2018) and leaf endosphere (Wagner 
et al., 2016; Montanari-Coelho et al., 2018). Recently, Mahoney, Yin and Hulbert (2017) 
found that bacterial community composition in the rhizosphere was significantly influenced 
by nine wheat genotypes. In addition, only 24 (out of the 1305) most abundant OTUs differed 
significantly in frequency between genotypes, indicating that host genotype played just a 
minor but significant role in bacterial diversification. Similar, other studies assumed that plant 
microbiome composition is more environmentally dependent rather than on the plant 
genotype per se and that host-adapted microbes may have been selected as they provide some 
selective advantage for their host (Bulgarelli et al., 2012; Vandenkoornhuyse et al., 2015). 
3.4 Crop genotype and plant compartment influenced response of bacterial community 
towards water deficit and cropping system 
We further hypothesized that crop species, genotype and compartment would alter the 
response of bacterial communities towards water deficit and cropping system. Cropping 
system significantly influenced bacterial diversity and richness but only in the leaf endosphere 
(Table 8). In leaves of S_062, the cropping system FBIC had significantly higher bacterial 
diversity and richness compared to FBM only in harvest 1 (KW-test, shannon, x2=8.37, df=1, 
p=0.0038; richness, x2=5.36, p=0.02). In addition, bacterial richness was significantly higher 
under WIC compared to WM only in harvest 3 (KW-test, x2=5.1, p=0.023).  
Evaluation of bacterial community composition with NMDS based on Bray-Curtis 
analysis showed no evident influence of cropping system in the rhizosphere; however a 
smaller separation between S4_FBIC and S4_FBM was observed in the leaf endosphere 
specific for harvest 1 (Figure 4). PERMANOVA found that cropping system significantly 
influenced bacterial community composition in faba bean S_004, and explained 16.0% of the 





Previous studies reported that intercropping significantly influenced bacterial 
community composition and increased bacterial diversity in soil (Song et al., 2007b; Yang et 
al., 2016). Yang et al., (2016) investigated in 10 different spring crops grown in monoculture 
and intercropping system and found that intercropping increased bacterial diversity in the 
rhizosphere, however, responses were also crop species dependent. So far, most research 
focused on bacterial communities in the soil but studies which investigated in the leaf 
endosphere under different cropping systems are scarce (Gdanetz et al., 2017; Granzow et al., 
2017). For example, Granzow and coworkers (2017) investigated in different plant 
compartments of faba bean and wheat grown in monoculture, row intercropping and mixed 
intercropping system. They reported that changes in bacterial diversity and richness were 
mainly recorded between mixed and row intercropping or mixed intercropping and 
monoculture in soil and root endosphere. Furthermore, leaf endophytes were not affected in 
their diversity or composition through cropping system (Granzow et al., 2017) which is in 
contrast to our results. We speculate that different soil type, plant species/genotypes or plant 
growth stage might contribute to the contradictory results, as these factors have been shown to 
influence microbial communities (Wagner et al., 2016; Gdanetz et al., 2017).  
Furthermore, we observed that water deficit significantly influenced bacterial alpha-
diversity but only in the leaf endosphere (Table 8). In faba bean leaves of S_062, bacterial 
diversity and richness significantly decreased under water deficit compared to well-watered 
plants specific for harvest 2 (KW-test, shannon, x2=5.33, df=1, p=0.021; richness, x2=8.04,  
p=0.0046). Moreover, the combination of water deficit and cropping system significantly 
affected leaf bacterial diversity (KW-test, x2=7.95, df=3, p=0.05) and richness (KW-test, 
x2=9.49, df=3, p=0.02) in S_062 for harvest 1. Dunn’s test showed that the cropping regime 
S62_FBIC_D had significantly higher richness compared to S62_FBM_D, whereas diversity 
was significantly higher in S62_FBIC_D compared to S62_FBM_C. 
Bacterial community composition in the rhizosphere of faba bean genotype S_062 
showed a distinct clustering between control and water deficit treatments in the NMDS 
analysis for harvest 1 (Figure 5). PERMANOVA also confirmed that water deficit 
significantly influenced bacterial community composition in the rhizosphere of genotype 
S_062 specific or harvest 1, which explained 20.9% of the variance (PERMANOVA, 
p=0.001). However, dispersion among water treatments was not homogenous (PERMDISP, 
F=18.26, p=0.002). Cropping regimes did not affect bacterial community composition. 
Partly in accordance to our observation, previous studies demonstrated that water 





al., 2017; Fitzpatrick et al., 2018). For example, Naylor and coworkers (2017) observed that 
water deficit decreased bacterial diversity in different plant compartments of 18 grass species 
including the root endosphere. However, they also indicated that water deficit effects were 
dependent on plant growth stage, and strongest response of bacterial diversity was displayed 
at early flowering compared to late flowering. On the other hand, Fitzpatrick et al., (2018) 
reported that bacterial diversity was not significantly influenced by water deficit in the root 
endosphere of 30 different angiosperms; however a slight decrease was observed in drought 
treated plants. For the present study, we speculate that drought-induced plant responses 
including physiological and molecular changes (Abid et al., 2017) were responsible for the 
genotype specific effect on the leaf microbiome. In line with this assumption, we observed 
that chlorophyll concentration and all three soluble sugars (glucose, sucrose, and fructose) in 
leaves significantly changed according to water deficit in genotype S_062 specific for harvest 
2 similar to alpha-diversity (Table 3, 4).   
As previous studies have shown (Henry et al., 2007; Preece and Peñuelas, 2016), plant 
stress through drought can change root exudation pattern dependent on plant species. Thus, 
soil microbial communities might be affected indirectly through rhizodeposition (Preece and 
Peñuelas, 2016). Similar, we recorded changes in bacterial community composition towards 
water deficit dependent on faba bean genotype. Partly in line with our finding, Santos-
Medellin and coworkers (2017) investigated in four different rice cultivars and plant 
compartments and recorded compartment-specific cultivar effects on the drought response for 
the bacterial community composition. However, they only found few individual OTUs which 
showed differential responses to drought based on genotype, indicating that communities 
assembled in each cultivar responded relative similar towards drought.    
 In contrast to our results, studies found that effect of water deficit on bacterial 
community composition was most pronounced in plant endosphere compared to rhizosphere 
(Naylor et al., 2017; Santos-Medellin et al., 2017; Fitzpatrick et al., 2018). As each plant 
compartment represents distinct niches for microbial communities in terms of exposure 
towards drought (Wallace et al., 2018), we also assume that response can differ. However, it 
is a complex interplay of plant specific stress response and plant-microbe associations 
towards abiotic stress. Thus, bacterial response towards drought might differ dependent on 
crop species, genotype or plant growth stage as already indicated in previous research (Naylor 
et al., 2017; Fitzpatrick et al., 2018). Furthermore, contradictory findings between studies 
might be attributed to experimental settings such as drought intensities or soil characteristics, 





and their response towards drought (Kaisermann et al., 2015; Kaisermann et al. 2017; Santos-
Medellin et al., 2017).   
 
3.5 Associated bacterial taxa are altered by cropping regimes and genotypes 
To identify bacterial taxa responsible for the observed differences among water deficit and 
cropping system or genotypes, we performed a multipattern analysis to investigate which 
microorganisms are significantly associated with those treatments (Table S4). In general, soil 
communities harbored more associated zOTUs than endophyte communities which is most 
probably related with higher sequence numbers in soil compared to endosphere samples. The 
number of significantly associated taxa in the leaf endosphere decreased in the water deficit 
treatments for harvest 2 compared to harvest 1 (Figure 6, 7). In the rhizosphere soil, wheat 
cropping regimes harbored the most number of associated bacterial taxa whereas faba bean 
cropping regimes the least number. In addition, we found that drought cropping regimes 
especially from faba bean showed more associated bacterial taxa from the phylum 
Actinobacteria than well-watered plants which was most pronounced for harvest 1 in both 
compartments. Similar to the community composition, we found significantly associated 
bacterial taxa dependent on genotype and water treatment (Figure 7). We recorded most 
associated taxa for genotype S_062 under drought in the leaf endosphere and rhizosphere soil 
for harvest 1. Here, associated taxa were mainly assigned to Actinobacteria that belonged to 
the bacterial genus Mycobacterium spp. in the leaf endosphere and the bacterial family 
Gaiellales in the rhizosphere soil. For harvest 2, the genus Blastococcus spp. (Actinobacteria) 
was mainly associated with the genotype S_004 under drought. 
In line with our observation, previous studies indicated that specific bacterial phyla are 
enriched under drought conditions especially in the endosphere (Naylor et al., 2017; Santos-
Medellin et al., 2017; Fitzpatrick et al., 2018). Naylor et al., (2017) performed quantification 
of absolute abundance of Actinobacteria in roots under drought and control conditions using 
qPCR. Results demonstrated that Actinobacteria exhibited a marked increase in absolute 
abundance in drought-treated roots for different C3 and C4 grass species. In addition, they 
also confirmed that significant indicator taxa for drought-treated plants belonged mainly to 
Actinobacteria which was similar to our results (Naylor et al., 2017). A possible explanation 
for these findings might be that Actinobacteria increase in abundance under drought, whereas 
sensitive taxa diminish because this bacterial phylum is well-known to be highly tolerant for 





2013). We further hypothesize that crops under water deficit selected competent 
microorganisms which provide the crops some degree of tolerance or assist in their 
development through growth promotion (Goh et al., 2013; Coleman-Derr and Tringe, 2014). 
In accordance with this assumption, we found the plant-associated bacterium Mycobacteria 
significantly associated with drought plants which has been reported to possess ACC 
deaminase activity that is responsible in enhancing plant growth (Cardinale et al., 2015). In 
addition, the bacterial genus Blastococcus has been often found in arid microbiome surveys as 
endophyte or soil inhabitant which has also been described as plant growth promoter (Hamedi 
and Mohammadipanah, 2015; Tahtamouni et al., 2016). Observed taxa are frequently 
described in plant microbiome surveys (Gdanetz et al., 2017; Naylor et al., 2017) but their 
specific roles in association with plants under water deficit remains relative unclear. 
3.6 Functional profiles of bacterial communities are altered by crop species and plant 
compartment 
We further hypothesized that bacterial functioning is altered in a different manner as bacterial 
community composition towards water deficit and cropping system. To clarify this 
hypothesis, functional profiles were predicted from obtained 16S rRNA gene data using 
Tax4Fun2 (Table S5). Functional profiles significantly differed between crop species 
(PERMANOVA, leaves, R2=5.5%, p=0.001; rhizosphere, R2=8.7%, p=0.001) and 
compartment (PERMANOVA, R2=31.9%, p=0.001); however cropping system and water 
deficit did not alter overall functioning.  
To gain deeper insights into bacterial functioning, we focused on predicted abundances 
of genes involved in nitrogen cycling, i.e., nitrite reductase, plant growth promotion, i.e., 
amidase or in stress, i.e., catalase (Figure 8, 9). In general, genes involved in dissimilatory 
nitrate reduction such as nitrate reductase were more abundant in wheat leaves compared to 
faba bean. In addition, the gene acetolactate decarboxylase [EC: 4.1.1.5] putatively involved 
in plant growth promotion was more abundant in wheat rhizosphere compared to faba bean. 
We also found differences between cropping regimes. For example, for harvest 1 we observed 
in S4_FBM_D rhizosphere higher abundances of predicted genes involved in nitrification 
such as ammonia monooxygenase [EC: 1.14.99.39] compared to S4_FBM_C. For harvest 2, 
in average higher predicted abundances of genes involved in stress, plant growth promotion 
and nitrogen metabolism were found in S4_FBM_D compared to S4_FBM_C. In the leaf 





reduction [EC: 1.7.1.15; EC: 1.7.5.1 1.7.99.-] in the cropping regime WIC_C compared to 
WM_C and WIC_D for harvest 1.  
 As we already confirmed it for the bacterial community composition, crop species was 
an important factor in changing functional profiles in the leaf endosphere and rhizosphere 
soil. In line with this, Wemheuer et al., (2017) demonstrated that the functional profiles of the 
bacterial endophytic community differed significantly between three different grass species. 
Moreover, they also reported that response of endophyte community composition and 
diversity in comparison to functioning differed towards agricultural practices, indicating that 
function and phylogeny of different bacteria are not necessarily related to each other 
(Wemheuer et al., 2017). This assumption might further explain our observation that water 
deficit and cropping system changed community composition but not functioning. Moreover, 
Vandenkkoornhyuse et al., (2015) suggested that functional differences between crop species 
might be related to an accessory microbiome unique for each plant. An accessory microbiome 
contains more dispensable functions or microorganisms whose presence is related to 
interactions with the surrounding environmental conditions (Vandenkoornhuyse et al., 2015). 
4. Conclusion 
To date, the combined effect of cropping system and water deficit on active bacterial 
communities in leaf endosphere and rhizosphere soil of two important crop species have not 
been studied using large-scale metabarcoding. In line with our hypotheses, we demonstrated 
that crop species, genotype and plant compartment significantly influenced the active 
bacterial community in their composition, diversity and associated taxa. These plant related 
traits strongly shaped response of bacteria towards water deficit and cropping system. In 
accordance with our third hypothesis, functional profiles were not affected by cropping 
system and water deficit but crop species and compartment altered functioning. Obtained 
results highlight that there are complex interactions between plants, associated 
microorganisms and their environment that might influence agricultural productivity. 
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Table 1. Sampling numbers for each container and harvest. 
Treatments /Compartments ID Rhizosphere Leaves Plants/ Treatment 
Harvest 1 
Faba bean monoculture S_004 S4_FBM 1 (8, n=8) 1 (8, n=8) 8 
Faba bean monoculture S_062 S62_FBM 1 (8, n=8) 1 (8, n=8) 8 
Faba bean intercropping S_004 S4_FBIC 1 (8, n=8) 1 (8, n=8) 8 
Faba bean intercropping S_062 S62_FBIC 1 (8, n=8) 1 (7, n=8) 8 
Wheat monoculture WM 2 (8, n=8) 2 (7, n=8) 16 
Wheat intercropped WIC 2 (15, n=16) 2 (16, n=16) 32 
Harvest 2  
Faba bean monoculture S_004 S4_FBM 1 (7, n=8) 1 (8, n=8) 8 
Faba bean monoculture S_062 S62_FBM 1 (7, n=8) 1 (8, n=8) 8 
Faba bean intercropping S_004 S4_FBIC 1 (8, n=8) 1 (8, n=8) 8 
Faba bean intercropping S_062 S62_FBIC 1 (8, n=8) 1 (8, n=8) 8 
Wheat monoculture WM 2 (8, n=8) 2 (8, n=8) 16 
Wheat intercropped WIC 2 (15, n=16) 2 (16, n=16) 32 
Harvest 3 
Faba bean monoculture S_004 S4_FBM 1 (8, n=8) 1 (7, n=8) 8 
Faba bean monoculture S_062 S62_FBM 1 (7, n=8) 1 (7, n=8) 8 
Faba bean intercropping S_004 S4_FBIC 1 (8, n=8) 1 (7, n=8) 8 
Faba bean intercropping S_062 S62_FBIC 1 (8, n=8) 1 (8, n=8) 8 
Wheat monoculture WM 2 (8, n=8) 2 (8, n=8) 16 
Wheat intercropped WIC 2 (15, n=16) 2 (14, n=16) 32 
Total (for each harvest)   64  64 32(FB), 48(W) 
Total (all)   192 192 240 
WM, wheat in monoculture; FBM, faba bean in monoculture, FBIC, faba bean samples in intercropping; WIC, 
wheat samples in intercropping. Numbers before brackets refer to sampled plants per pot. Numbers in brackets 
refer to the number of samples left after removal of samples with too low sequencing numbers. Harvest 1 refers 














Table 2. Height [cm] and biomass [g] of faba bean and wheat plants.  
 Height Biomass 
Treatment Harvest 1 Harvest 2 Harvest 3 Harvest 1 Harvest 2 Harvest 3 
Wheat_C 37.8±0.53 37.4±0.93 37.2±0.78 1.2±0.18 1.2±0.09 1.4±0.12 
Wheat_D 37.5±0.68 36.7±0.83 37.4±1.02 1.4±0.15 1.0±0.09 1.3±0.11 
WM 37.2±0.83 36.4±0.90 36.5±1.06 1.0±0.04 0.9±0.06a 1.1±0.10a 
WIC 37.9±0.49 37.4±0.81 37.7±0.78 1.5± 0.16 1.2± 0.08b 1.5± 0.10b 
S4_C 38.2±2.30 45.8±2.92 46.3±3.27 9.2±1.60 12.8±2.02 15.4±2.88 
S4_D 39.5±1.82 44.5±1.54 46.0±2.65 10.1±1.67 12.4±1.49 12.4±2.06 
S4_FBM 41.3±1.53 47.0±2.27 50.5±2.53a 12.1±1.55a 13.9±1.52 17.2±2.71 
S4_FBIC 36.4±2.15 43.3±2.23 41.7±2.40b 7.2±1.13b 11.3±1.87 10.6±1.64 
S62_C 37.3±1.79A 44.4±2.41AB 47.4±2.62B 9.3±1.03 10.8±0.63a 12.0±1.52 
S62_D 36.6±1.68 40.1±2.20 40.6±2.39 8.3±1.19 8.7±0.74b 9.8±0.56 
S62_FBM 38.7±1.19 43.7±1.70 46.0±1.65 8.3±1.09 9.4±0.88 10.6±0.47 
S62_FBIC 35.2±1.95 40.8±2.91 42.0±3.48 9.3±1.14 10.0±0.67 12.1±1.70 
Different letters in columns indicate statistically significant differences between treatments (Dunn’sTest or 
Kruskal-Wallis-test; p≤0.05, means ± SE). Abbreviations: FBM/WM, faba bean/wheat grown in monoculture; 
FBIC/WIC, faba bean/wheat intercropped; C, control treatment; D, water deficit treatment. Harvest 1, beginning 
of water deficit; Harvest 2, during water deficit; Harvest 3, re-watering. 
Table 3. Chlorophyll content index measured with a SPAD meter. 
Different small and large letters in columns and rows indicate statistically significant differences between 
treatments (Dunn’sTest or Kruskal-Wallis-test; p≤0.05, means ± SE). Abbreviations: FBM/WM, faba bean/wheat 
grown in monoculture; FBIC/WIC, faba bean/wheat intercropped; C, control treatment; D, water deficit 





Treatment Harvest 1 Harvest 2 Harvest 3 
Wheat_C 37.5±1.48 36.6±1.00 34.4±1.29 
Wheat_D 35.4±1.59 37.1±1.03 37.7±1.37 
WIC_C 38.9±1.78a 38.0±1.15 35.8±1.42 
WIC_D 37.7±1.12ab 38.6±1.02 39.6±1.45 
WM_C 34.8±2.38ab 33.9±1.02 31.6±2.20 
WM_D 29.2±2.87b 34.1±1.51 33.9±1.92 
S4_C 37.1±1.33 39.7±1.54 40.4±1.40 
S4_D 37.6±0.99B 42.6±1.57AB 44.9±1.43A 
S4_FBIC_C 37.6±0.89 40.7±2.61 41.4±2.26 
S4_FBIC_D 38.2±1.24 41.8±2.13 45.0±2.44 
S4_FBM_C 36.8±2.71 38.9±1.94 39.6±1.87 
S4_FBM_D 37.0±1.65 43.6±2.54 44.9±1.89 
S62_C 32.0±0.60A 36.3±0.96aB 38.2±1.31aB 
S62_D 33.4±0.75A 42.1±0.75bB 43.3±1.31bB 
S62_FBIC_C 31.8±1.05 35.4±1.30a 37.4±2.55b 
S62_FBIC_D 33.5±1.14 43.2±0.33b 46.4±0.64a 
S62_FBM_C 32.3±0.73 37.2±1.45ab 39.2±1.02b 





Table 4. Soluble sugar concentrations [in %] of glucose, fructose and sucrose in crop leaves. 
Different small and large letters in columns and rows indicate statistically significant differences between treatments (Dunn’sTest or Kruskal-Wallis-test; p≤0.05, means ± SE). 
Abbreviations: FBM/WM, faba bean/wheat grown in monoculture; FBIC/WIC, faba bean/wheat intercropped; C, control treatment; D, water deficit treatment. Harvest 1, 
beginning of water deficit; Harvest 2, during water deficit; Harvest 3, re-watering. 
  Glucose Fructose Sucrose 
Treatment Harvest 1 Harvest 2 Harvest 3 Harvest 1 Harvest 2 Harvest 3 Harvest 1 Harvest 2 Harvest 3 
Wheat_C 8.5±1.22AB 6.4±0.55aA 9.5±0.60aB 10.5±1.19A 7.1±0.80B 16.4±0.95C 35.5±5.90 51.6±7.40 43.2±9.62 
Wheat_D 9.8±0.99 8.9±0.93b 7.9±0.64b 10.5±0.51AB 9.1±0.85A 14.6±1.33B 39.7±6.26 44.0±5.52 33.5±6.24 
WIC_C 7.1±1.54b 6.4±0.80ab 8.7±0.59 8.5±1.22b 7.1±1.17 17.9±0.90 31.9±7.63 49.1±9.23 38.2±11.68 
WIC_D 11.7±0.72a 8.7±0.98b 7.8±0.54 9.9±0.36b 9.0±0.77 16.8±1.19 31.5±3.91 41.8±5.94 23.4±4.14 
WM_C 11.3±1.21ab 6.7±0.53a 11.3±0.85 14.5±0.90a 7.2±0.72 13.6±1.42 42.8±7.63 56.5±13.87 53.0±18.23 
WM_D 6.2±1.25b 9.3±2.21ab 8.2±1.75 11.8±1.18ab 9.5±2.27 10.4±1.94 56.1±15.02 48.6±12.64 53.8±11.93 
S4_C 6.7±1.04aA 3.4±0.43B 4.9±0.37AB 4.0±0.95AB 2.2±0.23A 4.3±0.52B 47.8±8.42 45.5±5.12 58.6±5.6 
S4_D 3.7±0.46b 3.6±0.39 5.0±0.56 3.1±0.28AB 2.2±0.20A 5.6±1.02B 40.0±6.08 41.8±4.65 58.0±4.98 
S4_FBIC_C 8.8±0.95a 2.8±0.35 4.9±0.55 4.2±1.85 1.8±0.12 5.4±0.71ab 37.5±10.33 48.6±8.55 56.8±8.87 
S4_FBIC_D 4.0± 0.74ab 3.7±0.59 4.9±1.14 3.4±0.19 2.5±0.34 7.6±1.52a 41.7±8.28 37.9±7.55 54.4±8.93 
S4_FBM_C 4.7±1.13ab 4.2±0.65 5.1±0.55 3.9±0.83 2.8±0.25 3.3±0.21b 58.0±12.44 42.3±6.53 60.5±8.29 
S4_FBM_D 3.4±0.62b 3.5±0.58 5.1±0.41 3.0±0.55 2.1±0.21 3.8±0.33ab 38.4±10.10 45.7±5.82 61.5±5.23 
S62_C 4.7±0.38 5.5±1.05a 5.1±0.36 4.4±0.33 5.5±1.11a 7.3±0.64  45.9±4.87 39.9±5.45a 39.0±4.95 
S62_D 4.9±0.52A 3.2±0.18bB 5.4±0.24A 4.4±0.45A 3.1±0.28bA 8.7±0.64B 38.2±5.64AB 25.7±2.23bA 47.1±3.73B 
S62_FBIC_C 5.3±0.59 7.3±1.70a 5.1±0.30 5.0±0.44 7.5±1.72a 8.0±0.41 50.0±6.84 46.0±9.59 38.9±10.36 
S62_FBIC_D 5.2±0.91 3.3±0.20ab 5.1±0.19 4.2±0.66 3.4±0.48ab 8.0±0.95 42.3±10.65 24.2±2.03 55.1±4.07 
S62_FBM_C 4.1±0.30 3.8±0.37ab 5.2±0.71 3.9±0.33 3.5±0.38ab 6.8±1.23 41.8±7.26 33.9±4.72 39.0±2.68 





Table 5.pH-value in the rhizosphere of wheat and faba bean genotypes. 
Different small and large letters in columns and rows indicate statistically significant differences between 
treatments (Dunn’sTest or Kruskal-Wallis-test; p≤0.05, means ± SE). Abbreviations: FBM/WM, faba bean/wheat 
grown in monoculture; FBIC/WIC, faba bean/wheat intercropped; C, control treatment; D, water deficit 





























Treatment Harvest 1 Harvest 2 Harvest 3 
Wheat_C 7.10±0.06A 7.05±0.06A 7.39±0.01B 
Wheat_D 7.11±0.06A 7.02±0.05B 7.43±0.02C 
WIC_C 7.05±0.08 6.93±0.04a 7.39±0.01 
WIC_D 7.12±0.08 6.91±0.02a 7.42±0.03 
WM_C 7.20±0.09 7.30±0.06b 7.40±0.02 
WM_D 7.08±0.10 7.23±0.02b 7.44±0.04 
S4_C 7.12±0.09AB 7.11±0.04A 7.37±0.01B 
S4_D 7.10±0.09A 7.00±0.05A 7.36±0.01B 
S4_FBIC_C 7.25±0.13 7.03±0.06ab 7.39±0.01 
S4_FBIC_D 7.24±0.10 6.94±0.03a 7.37±0.01 
S4_FBM_C 7.03±0.12 7.20±0.01b 7.35±0.00 
S4_FBM_D 6.97±0.13 7.07±0.08ab 7.35±0.02 
S62_C 7.18±0.08AB 6.91±0.04A 7.36±0.01B 
S62_D 7.02±0.07A 6.95±0.04A 7.36±0.01B 
S62_FBIC_C 7.03±0.12 6.82±0.03a 7.38±0.00a 
S62_FBIC_D 7.02±0.10 6.84±0.04ab 7.36±0.00ab 
S62_FBM_C 7.34±0.01 7.01±0.01ab 7.34±0.01b 





Table 6. Total organic carbon and nitrogen [%] in the rhizosphere of wheat and faba bean genotypes. 
Different small and large letters in columns and rows indicate statistically significant differences between treatments (Dunn’sTest or Kruskal-Wallis-test; p≤0.05, means ± SE). 
Abbreviations: FBM/WM, faba bean/wheat grown in monoculture; FBIC/WIC, faba bean/wheat intercropped; C, control treatment; D, water deficit treatment. Harvest 1, 
beginning of water deficit; Harvest 2, during water deficit; Harvest 3, re-watering. 
 
C:N ratio Ctotal[%] Ntotal[%] 
Treatment Harvest 1 Harvest 2 Harvest 3 Harvest 1 Harvest 2 Harvest 3 Harvest 1 Harvest 2 Harvest 3 
Wheat_C 11.12±0.21 10.99±0.21 10.78±0.34 2.02±0.04A 2.03±0.04A 1.56±0.14B 0.18±0.00A 0.19±0.01A 0.14±0.01B 
Wheat_D 11.46±0.15 10.97±0.25 11.28±0.14 2.04±0.04A 2.02±0.03A 1.74±0.08B 0.18±0.00A 0.19±0.00A 0.15±0.01B 
WIC_C 11.02±0.31 10.59±0.14a 10.67±0.51 2.03±0.03 2.05±0.02 1.34±0.16a 0.19±0.00 0.19±0.00 0.12±0.01a 
WIC_D 11.32±0.17 10.96±0.38a 11.16±0.20 2.01±0.04 2.07±0.03 1.60±0.07a 0.18±0.01 0.19±0.01 0.14±0.01a 
WM_C 11.34±0.21 11.81±0.19b 11.01±0.20 2.01±0.10 1.98±0.12 2.02±0.02b 0.18±0.01 0.17±0.01 0.18±0.00b 
WM_D 11.75±0.25 11.00±0.08ab 11.53±0.10 2.12±0.05 1.92±0.02 2.04±0.03b 0.18±0.00 0.18±0.00 0.18±0.00b 
S4_C 11.15±0.35 11.28±0.48 11.50±0.27 2.03±0.04 2.06±0.13 1.87±0.08 0.18±0.01 0.19±0.01 0.16±0.00 
S4_D 11.43±0.15 11.26±0.33 11.47±0.31 2.10±0.03 2.07±0.16 1.85±0.09 0.18±0.00A 0.19±0.02A 0.16±0.01B 
S4_FBIC_C 10.32±0.23a 10.21±0.20a 11.32±0.54 2.08±0.05 2.09±0.01 1.79±0.12ab 0.20±0.00a 0.21±0.01 0.16±0.01 
S4_FBIC_D 11.10±0.15ab 10.46±0.16ab 10.88±0.05 2.08±0.02 2.05±0.02 1.63±0.17a 0.19±0.00ab 0.20±0.00 0.15±0.01 
S4_FBM_C 11.98±0.24b 12.35±0.51b 11.67±0.13 1.98±0.07 2.03±0.28 1.96±0.09ab 0.17±0.01b 0.17±0.02 0.17±0.01 
S4_FBM_D 11.76±0.12b 12.06±0.23b 12.05±0.46 2.13±0.05 2.09±0.35 2.06±0.03b 0.18±0.00ab 0.17±0.03 0.17±0.01 
S62_C 11.47±0.10 11.63±0.26 11.34±0.33 1.96±0.04 1.88±0.10 1.79±0.09 0.17±0.00 0.16±0.01 0.16±0.01 
S62_D 12.11±0.37A 10.88±0.35B 11.41±0.19AB 1.86±0.09 1.70±0.19 1.64±0.11 0.16±0.01 0.15±0.02 0.14±0.01 
S62_FBIC_C 11.35±0.17 11.06±0.29a 11.16±0.57 2.01±0.03 2.12±0.04a 1.69±0.08 0.18±0.00 0.19±0.00a 0.15±0.01 
S62_FBIC_D 11.53±0.19 11.12±0.14ab 11.41±0.39 1.93±0.07 2.09±0.04a 1.42±0.15 0.17±0.01 0.19±0.01a 0.13±0.01 
S62_FBM_C 11.59±0.11 12.19±0.12b 11.53±0.41 1.90±0.08 1.65±0.07ab 1.90±0.17 0.16±0.01 0.14±0.01b 0.17±0.02 





Table 7. Bacterial diversity and richness in the rhizosphere soil with regard to water 
treatment and cropping system. 
 Richness Diversity 
Treatment 1 2 3 1 2 3 
Wheat_C 845.25±74.03 866.07±55.6 794.57±223.71 6.19±0.22 6.24±0.12 5.82±1.12 
Wheat_D 841.90±48.62 818.37±105.68 691.02±341.75 6.18±0.13 6.03±0.59 5.35±1.8 
WIC_C 826.56±87.46 859.44±68.18 845.96±67.03 6.14±0.26 6.22±0.14 6.10±0.33 
WIC_D 848.04±56.29 802.91±115.8 609.23±433.16 6.20±0.14 5.94±0.71 4.87±2.26 
WM_C 877.98±26.99 877.68±26.91 657.53±442.47 6.29±0.05 6.27±0.06 5.08±2.19 
WM_D 831.15±36.04 849.28±88.03 813.70±64.94 6.14±0.12 6.21±0.22 6.09±0.24 
S4_C 744.71±295.43 516.54±382.25 805.37±95.79 5.76±1.17 4.49±2.14 5.93±0.62 
S4_D 795.20±40.3 792.59±113.95 751.91±145.78 6.04±0.14 5.85±0.86 5.77±0.78 
S4_FBIC_C 806.70±118.42 470.05±384.88 753.83±108.6 6.09±0.21 4.50±1.9 5.58±0.88 
S4_FBIC_D 821.95±31.61 833.45±70.86 630.77±129.17 6.14±0.06 6.17±0.2 5.19±0.9 
S4_FBM_C 698.23±398.1 578.53±453.94 844.03±76.41 5.51±1.59 4.47±2.89 6.19±0.17 
S4_FBM_D 759.53±5.82 738.10±153.72 842.78±75.47 5.91±0.1 5.43±1.29 6.21±0.26 
S62_C 780.94±87.63 867.72±47.53 740.08±289.75 5.99±0.34 6.21±0.15 5.51±1.63 
S62_D 835.76±39.45 614.13±368.85 820.79±90.57 6.15±0.18 4.94±1.94 6.15±0.26 
S62_FBIC_C 771.65±117.25 859.73±64.46 816.08±136.46 6.02±0.33 6.16±0.21 5.91±0.79 
S62_FBIC_D 846.80±32.91 562.87±420.59 834.40±75.33 6.18±0.15 4.71±1.86 6.17±0.24 
S62_FBM_C 793.33±44.83 875.70±36.08 664.08±402.33 5.94±0.43 6.26±0.07 5.12±2.27 
S62_FBM_D 824.73±47.16 652.58±386.75 802.63±123.42 6.11±0.23 5.11±2.26 6.12±0.34 
Diversity is expressed as Shannon values (H’) and richness is based on the number of unique sequences 
Different small and large letters in columns and rows indicate statistically significant differences between 
treatments (Dunn’sTest or Kruskal-Wallis-test, p≤0.05, means ± SD). Abbreviations: FBM/WM, faba bean/wheat 
grown in monoculture; FBIC/WIC, faba bean/wheat intercropped; C, control treatment; D, water deficit 


































Table 8. Bacterial diversity and richness in the leaf endosphere with regard to water 
treatment and cropping system. 
 
Diversity is expressed as Shannon values (H’) and richness is based on the number of unique sequences. 
Different small and large letters in columns and rows indicate statistically significant differences between 
treatments (Dunn’sTest or Kruskal-Wallis-test, p≤0.05, means ± SD). Abbreviations: FBM/WM, faba bean/wheat 
grown in monoculture; FBIC/WIC, faba bean/wheat intercropped; C, control treatment/ sufficiently irrigated; D- 








 Richness Diversity 
Treatment 1 2 3 1 2 3 
Wheat_C 125.65± 168.19 70.35± 26.13 
107.66± 
78.49 2.62± 1.01 2.07± 0.53 2.60± 0.82 
Wheat_D 68.05± 17.04  100.05± 172.80 
122.65± 
190.28 2.22± 0.55 2.05± 1.21 2.46± 1.28 
WIC_C 143.13± 207.28 75.25± 30.63 
118.01± 
91.69 2.85± 1.16 1.97± 0.50 2.67±0.81 
WIC_D 64.99± 18.91 49.94± 18.99 164.06± 233.55 2.05± 0.52 1.62± 0.35 2.89± 1.41 
WM_C 90.70± 32.02 60.55± 11.10 86.95± 45.97 2.15± 0.40 2.27± 0.60 2.47± 0.96 
WM_D 76.20± 7.97 200.28± 297.58 50.18± 24.54 2.68± 0.38 2.91± 1.89 1.69± 0.51 
S4_C 139.64± 89.81 103.45± 53.81 
118.65± 
103.71 2.44± 0.60 2.20± 0.45 2.44± 0.52 
S4_D 105.95± 53.26 102.79± 39.44 72.45± 29.70 2.22± 0.45 2.21± 0.33 1.88± 0.48 
S4_FBIC_C 93.90± 50.16 94.93± 59.90 142.37± 151.43 2.17± 0.21  2.07± 0.59 2.49± 0.82 
S4_FBIC_D 85.05± 33.80 93.90± 58.12 79.68± 19.92 2.09± 0.39 2.03± 0.29 2.18± 0.01 
S4_FBM_C 185.38± 103.56 
111.98± 
54.53 94.93± 47.66 2.71± 0.77 2.33± 0.28 2.40± 0.39 
S4_FBM_D 126.85± 65.66 111.68± 6.38 65.23± 39.01 2.36± 0.53 2.40± 0.28 1.58± 0.60 
S62_C 107.70± 48.28 117.55± 54.97b 
108.86± 
71.58 2.36± 0.41 2.26± 0.42a 2.33± 0.56 









86.89 2.67± 0.30ab 2.23± 0.59 2.68± 0.60 
S62_FBIC_D 224.83± 42.23b 52.85± 12.37 95.28± 51.44 3.01± 0.30a 1.89± 0.06 2.20± 0.46 
S62_FBM_C 86.25± 48.70 ab 
127.43± 
29.20 71.83± 27.33 2.05± 0.24b 2.30± 0.24 1.99± 0.23 





Table 9. Effect of the tested parameter on the bacterial community composition for each 
harvest. 
 Rhizosphere Soil Leaves 
Treatment 













Cropping system 2.1 0.23 1.1 0.922 1.2 0.918 1.6 0.446 1.7 0.366 1.4 0.652 
Crop species 4.2 0.008 3.4 0.047 2.0 0.347 7.1 0.002 4.5 0.048 4.5 0.019 
Genotype 6.1 0.016 2.7 0.595 2.6 0.712 1.4 0.891 1.8 0.642 3.5 0.221 
Water-deficit 2.5 0.12 2.2 0.206 1.6 0.577 1.3 0.637 0.8 0.832 1.7 0.553 
Harvest 1.6 0.003     0.4 0.613     
Results of the permutational multivariate analysis of variance (PERMANOVA) with Bray-Curtis distances  
testing for the different treatments. Statistically significant differences (p≤ 0.05) between the treatments for each 
plant compartment are written in bold. Cropping system compares monoculture versus intercropping. Genotype 


























Figure 1. Experimental design. Abbreviations: FBM/WM, faba bean/wheat monoculture; 









Figure 2. Abundant bacterial genera in the rhizosphere soil and the investigated cropping systems with regard to water treatment and 
harvest. Only genera with an abundance >1% in at least one of the investigated cropping system are shown. Mean relative abundances of each 
taxon were calculated based on relative abundances calculated for each sample. Abbreviations: C, control treatment; D, water deficit treatment; 






Figure 3. Abundant bacterial genera in the leaf endosphere and the investigated cropping systems with regard to water treatment and 
harvest. Only genera with an abundance >1% in at least one of the investigated cropping system are shown. Mean relative abundances of each 
taxon were calculated based on relative abundances calculated for each sample. Abbreviations: C, control treatment; D, water deficit treatment; 






Figure 4. Response of bacterial communities in the leaf endosphere and rhizosphere soil 
towards cropping system. Ordination is based on Bray-Curtis dissimiliarties between 
samples. NMDS ordination of microbial community is color-coded by the respective cropping 
system and genotype. Abbreviations: FBM/WM, faba bean/ wheat monoculture; FBIC/WIC, 







Figure 5. Response of bacterial communities in the leaf endosphere and rhizosphere soil 
towards water treatment regarding the different crop genotypes. Ordination is based on 
Bray-Curtis dissimiliarties between samples. NMDS ordination of microbial community is 
color-coded by the respective water treatment and genotype. Abbreviations: S4/S62, faba bean 







Figure 6. Bipartitie association network for bacterial taxa within different cropping 
regimes for the three harvests. Significant associated taxa are shown. Abbreviations: 
FBM/WM, faba bean/ wheat monoculture; FBIC/WIC, faba bean/wheat intercropped; C, 






























Figure 7. Bipartite association network for bacterial taxa within the different genotypes 
and water treatments. Significant associated taxa are shown. Abbreviations: G, genius 





Figure 8. Predicted abundances of enzyme-encoding genes involved in nitrogen cylcing (orange), plant growth promotion (green) and stress 
(blue) in the rhizosphere. Colour code of the heatmap refers to gene abundance, with high predicted abundances (dark blue) and low predicted 
abundances (white). Abbreviations: 1-3, sampling time; S4/S62, faba bean genotype; D/C, water deficit/control treatment; FBIC/WIC, faba bean/ 








Figure 9. Predicted abundances of enzyme-encoding genes involved in nitrogen cylcing (orange), plant growth promotion (green) and stress 
(blue) in the leaf endosphere. Colour code of the heatmap refers to gene abundance, with high predicted abundances (dark green) and low 
predicted abundances (white). Abbreviations: 1-3, sampling time; S4,S62, faba bean genotype; D/C, water deficit/control treatment; FBIC/WIC, 
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Drought limits plant growth and yield, but can also impact soil ecosystem functioning. 
Integrated soil management including new genotypes and intercropping of plants might 
improve the sustainability of agricultural production in a changing climate. As plant-
associated microorganisms play key roles in enhancing plant tolerance to environmental 
stressors such as drought, it is of crucial interest to better understand how water deficit affects 
the active microbial community of important crops. In the present study, we investigated how 
water deficit changes the active bacterial and fungal community in the rhizosphere soil of 
winter wheat (genotype: Genius) and two winter faba bean genotypes (S_004; S_062) under 
different cropping systems. Our major results were that both bacterial and fungal communities 





of bacterial community composition were dependent on crop species and genotype, whereas 
alpha-diversity showed a marked resistance towards water deficit. In contrast, fungal 
community composition responded more sensitive but response of fungal alpha-diversity was 
dependent on crop genotype. Cropping system alone only influenced fungal community 
composition but not bacteria. Furthermore, we recorded complex microbial interactions 
dependent on cropping system and water deficit. For example, under water deficit the number 
of positive correlations in bacteria increased in wheat cropping systems compared to well-
watered plants. For fungi, we observed an increase in positive correlations under intercropped 
wheat compared to monoculture under well-watered conditions. To our knowledge, this is the 
first study investigating the combined and separate effect of intercropping and water deficit on 
the metabolically active plant-associated bacterial and fungal communities of two important 
crop species. Obtained results highlight that the combination of crop species, genotype and 
cropping system play key roles in the response of the active microbiome in the rhizosphere 
soil towards drought. Further research on field-scale might deepen our understanding how 
sustainable agricultural practices and plant-associated microorganisms might mitigate future 
drought events. 
1.  Introduction 
Drought is the one of the key abiotic stressors that limits plant growth and yield worldwide 
(Fahad et al., 2017; Zampieri et al., 2017). Previous studies showed that drought events can 
also significantly influence soil ecosystem functioning, including biogeochemical cycling or 
soil organic matter dynamics (Austin et al., 2004; Preece and Peñuela, 2016). Drought is thus 
a serious threat for food security in agricultural production. The development of new 
genotypes and intercropping of plants are key elements of integrated soil management to 
improve the sustainability of agricultural production in a changing climate (Coleman-Derr and 
Tringe, 2014; Daryanto, Wang and Jacinthe, 2016). For example, intercropping of wheat and 
maize significantly increased water use and water use efficiency compared to sole cropping 
(Yang et al., 2011). On the other hand, Saharan et al., (2018) showed that the combination of 
intercropping of pigeon pea/finger millet and beneficial microorganisms such as arbuscular 
mycorrhizal fungi and rhizobacteria increased biomass production and nutrient uptake even 
under dry conditions. Soil-derived beneficial microorganism can form symbiotic and/or 
mutualistic associations with roots of host plants and can be important promoter of plant 
growth and health through better nutrient acquisition or alleviation of abiotic stressors 





composition of root-associated microbial communities as response to environmental stressors 
might also impact plant performance (Berg et al., 2014; Ahkami et al., 2017). As 
consequence, it is of crucial interest to better understand how environmental changes such as 
drought alter the microbiome in the plant rhizosphere.     
 Previous studies on microbial responses towards drought and re-watering reported 
significant changes of bacterial and fungal communities (Kaisermann et al., 2015, Schmidt et 
al. 2017; Meisner et al., 2018). For example, Santos-Medellin et al. (2017) found that drought 
significantly changed bacterial and fungal community composition in different rice 
compartments. The authors concluded that the restructuring of the associated microbiome 
might contribute to plant survival under extreme environmental conditions. Recently, de 
Vriese et al., (2018) investigated in the response of soil bacterial and fungal communities over 
time towards drought in a field-based mesocosm experiment consisting of common grassland 
species. The authors showed that bacterial co-occurrence networks were characterised by 
properties that indicate low stability under disturbances, whereas fungal networks were more 
stable towards drought. In addition, they indicated that changes in bacterial communities were 
linked more strongly to soil functioning during drought recovery than do changes in fungi. 
 As most previous studies have focused on bacterial or fungal responses separately 
(Mahoney, Yin and Hulbert, 2017; Xue et al., 2018; but see Li and Wu, 2018; deVriese et al., 
2018), bacterial-fungal interactions in the rhizosphere of intercropped plants under water 
deficit remain poorly understand. In a previous study, we found that plant compartment and 
plant species altered the effects of cropping systems on microbial communities and we 
observed different responses of fungal and bacterial communities towards cropping systems 
(Granzow et al., 2017). Moreover, the number of negative inter-domain interactions between 
fungi and bacteria decreased in bulk and rhizosphere soil in intercropping regimes compared 
to monoculture indicating beneficial effects (Granzow et al., 2017). So far, most studies 
investigating the response of microbial communities towards drought focused on the entire 
microbial community (Santos-Medellin et al., 2017; deVriese et al., 2018, but see Barnard et 
al., 2013). However, the potentially active microbial community might be more sensitive to 
abiotic stresses and thus is more closely related to ecosystem functionality (Blagodatskaya 
and Kuzyakov, 2013; Herzog et al., 2015).      
 Hence, the aim of the present study was to investigate the influence of water deficit 
and re-watering on the metabolically active fungal and bacterial communities and their 
interactions in the rhizosphere of two important crop species under different systems. For this 





faba bean (Vicia faba L.; S_004 and S_062) were grown in monoculture or in row 
intercropping with (water deficit treatments) or without water stress (control treatments). 
Rhizosphere soil was collected at three time points: beginning of water deficit, during water 
deficit and after re-watering. Bacterial and fungal communities in rhizosphere were examined 
by iTag sequencing of bacterial 16S rRNA genes and the fungal internal transcribed spacer 
(ITS) region, respectively, amplified by two-step reverse transcriptase (RT) PCR.  
 We hypothesized that (i) water deficit changes microbial community composition and 
diversity and (ii) bacterial and fungal communities respond differently towards water deficit 
as they differ in their lifestyles in terms of colonization area in the rhizosphere soil (Deveau et 
al., 2018). We expected further that (iii) crop species, faba bean genotype and cropping 
system would alter the response of bacterial and fungal communities towards water deficit. 
Finally, we hypothesized that (iv) co-associations and microbial interactions are also 
influenced by water deficit and cropping systems. 
2. Material and Methods 
2.1 Plant material 
To examine the combined influence of cropping system and water deficit on the active fungal 
and bacterial community in roots and attached soil (here regarded as rhizosphere soil) a 
greenhouse experiment was conducted in autumn 2016. Seeds of the two faba bean genotypes 
(genotypes: S_004; S_062) were provided by the Institute of Plant breeding of the University 
of Göttingen. The two winter faba bean genotypes (S_004 and S_062) were selected based on 
a previous field trial within the IMPAC3 project (Novel genotypes for mixed cropping allow 
for improved sustainable land use across arable land, grassland and woodland). The 
genotype S_004 is characterized by medium height and leaf size, low tillering, late maturity, 
and high yield. In contrast, genotype S_062 is very short with small leaflets, high tillering, 
and early maturing. Seeds of winter wheat (genotype: Genius) were provided by 
Norddeutsche Pflanzenzucht Hans-Georg Lembke KG. All seeds were surface-sterilized by 
serial washing according to Andreote et al. (2010) with one modification. Immersion in sterile 
distilled water was performed four times for 30 s. Surface sterilized seeds were placed on wet 
sterile tissues and germinated at 7 °C under dark conditions until seedlings developed roots 
with a length of approximately 4 cm.  





Pre-germinated seeds of faba bean and wheat were sown in monoculture or as mixture in 
polypropylene containers (Sunware; 45.5 x 36 x 24 cm) in a randomized block design (day 0, 
DAO, days after onset of experiment). Twelve treatments were established: faba bean 
monoculture S_004 with or without water deficit (S4_FBM_D/C), faba bean monoculture 
S_062 with or without water deficit (S62_FBM_D/C), faba bean S_004 intercropped with 
wheat with or without water deficit (S4_FBIC_D/C; WIC_D/C), faba bean S_062 
intercropped with wheat with or without water deficit (S62_FBIC_D/C; WIC_D/C), and 
wheat monoculture with or without water deficit (WM_D/C; Table 1). Each treatment was 
replicated four times, resulting in a total of 40 containers. We defined two different cropping 
systems (monoculture and intercropping), whereas cropping regimes compromised each 
treatment, e.g. WM_D and FBM_C.        
 For monocultures, 30 faba bean or 72 wheat seeds per container were sown in six 
rows. For intercropping systems, 36 wheat and 15 bean seeds were sown in alternate rows 
(Vandermeer, 1992). Each container was filled with air-dried, sieved (< 10 mm) and layered 
soil from the experimental study site in Reinshof (51.48° N, 9.92° E and 157m asl.), 
Germany. The soil volume of each pot accounted for approximately 20 L with a dry weight of 
18 kg. Filling of the pots was performed in layers adding distilled water to each layer to 
prevent soil compaction. After emergence of the seedlings, the soil was covered by gravel to 
minimize water loss by evaporation. The soil was classified as Gleyic Fluvisol according to 
the FAO classification system and contained 21% clay, 68% silt and 11% sand, with pH 7.3 
and 2.8 % Humus. Nutrients such as phosphorus (50 mg P/kg dry soil) and potassium (140 
mg K/kg dry soil) were in an optimal range according to the German nutrient-availability 
class system (Kuchenbuch and Buczko 2011).  
2.3 Water management and growth conditions 
During the experiment, photosynthetic photon flux density was 400 µmol m-2 s-1at plant level 
with a 10/14 h day/night photoperiod. Furthermore, the CO2 concentration reached around 
450 ppm. There was a relative humidity of 50 % and an average air temperature of 23 °C. 
Water loss by transpiration was documented by placing the pots permanently on balances 
(TQ30, ATP Messtechnik, Germany). The weight reduction was measured every 30 minutes 
in order to constantly determine water consumption. This systems avoids hidden drought due 
to higher transpiration of increased biomasses (Senbayram et al., 2015). Plants of all 
treatments were irrigated with distilled water to 90 % field capacity. After a growing period of 





(Lancashire et al., 1991). The amount of water in water deficit treatments was reduced to 75% 
compared to control treatments (beginning of water deficit). At day 28, the amount of water in 
these treatments was further reduced to 25% (during water deficit). Day 34, all water deficit 
treatments were re-watered with the adequate amount of water according to plant growth and 
water consumption. All control pots were sufficiently irrigated during the whole experimental 
duration (6 weeks). 
2.4 Sampling 
Soil and plant samples were collected from control and water deficit treatments at day 29 
(beginning of water deficit), day 34 (during water deficit) and at day 38 (after re-watering of 
water deficit plants) (Figure 1). For microbial community analysis, one faba bean and two 
wheat plants per container and harvest were randomly sampled which showed no obvious sign 
of any disease infection. The roots were gently shaken to remove the non-rhizosphere soil. 
Rhizosphere soil for pH-value and C/N was collected by carefully brushing the roots. 
Rhizosphere soil and roots of each plant species and each pot were pooled for molecular 
analysis. All samples for molecular analysis were immediately frozen in liquid nitrogen, 
transferred to the laboratory and stored at -80°C. In total, 96 faba bean (48 plants of each 
genotype) and 144 wheat plants were collected. Rhizosphere and aerial plant parts of each 
crop species and container were pooled, resulting in a total of 96 faba bean and 72 wheat 
samples (Table 1). 
2.5 Edaphic properties  
For determination of edaphic properties such as total organic carbon and total organic 
nitrogen, subsamples of all rhizosphere samples were dried at 60°C for two days and 
subsequently sieved to < 2mm. Carbon and nitrogen concentrations from dried subsamples 
were determined using a NA-1500N analyser (Thermo Fisher Scientific, Waltham, USA). 
Afterwards, the carbon-to-nitrogen (C/N) ratio was calculated. The gravimetric soil water 
content (%) of all soil samples was calculated based on the fresh weight and the oven-dried 
weight. The pH values of all rhizosphere soil samples were measured as follows: 10g of dried 
and sieved soil was added in a small beaker with 25 ml 0.01 M calcium chloride. Soil solution 
was homogenized after 30 min and 60 min, and subsequently soil pHCaCl was measured.  
Details on soil properties are provided in Table S1. 





Environmental RNA of the rhizosphere was extracted from 2 g soil per sample employing the 
RNA PowerSoil total RNA isolation kit as recommended by the manufacturer (MoBio 
Laboratories, Carlsbad, CA, USA, now Qiagen, Hilden, Germany). Residual DNA was 
removed with the TURBO DNA-free™ kit (Thermo Fisher Scientific, Waltham, USA) from 
the extracted RNA according to the manufacturer’s protocol. In addition, 1/40 volume 
Ribolock RNase Inhibitor (40U/ µL) (Thermo Fisher Scientific, Waltham, USA) was added in 
the first step of the DNA digestion. The absence of DNA was confirmed by PCR using the 
internal transcribed spacer region as target gene for amplification of fungi. For details of the 
PCR reaction and cycling conditions as well as the primer see the first PCR according to 
Wemheuer and Wemheuer (2017). The DNA-free RNA was purified according to Streit and 
Daniel (2012). RNA concentrations were determined using a NanoDrop ND-1000 
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). 
2.7 Synthesis of cDNA from total RNA 
Purified RNA from 168 rhizosphere samples were converted to cDNA by employing the 
SuperScriptTMIII reverse transcriptase Kit as recommended by the supplier (Invitrogen, 
Karlsruhe, Germany) with two modifications. Same reverse primer 1193r (20µM) and ITS4 
(20µM) were used for the reaction as for the following PCR. After the last step, 0.5 µl RNase 
H (5 U/µl; Fermentas) was added, and samples were incubated for 15 min at 37°C and 
subsequently for 10 min at 65°C. CDNA was stored at -20°C.  
2.8 Amplification of 16S rRNA gene  
Bacterial community in the rhizosphere was assessed by PCR approach targeting the V5-V7 
region of the 16S rRNA gene. The following primers were used: 799F (Chelius and Triplett, 
2001) and 1193R (Bodenhausen et al., 2013; Hartman et al., 2017) containing MiSeq adaptors 
(underlined) Miseq-799F 5’-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAACMGGATTAGATACCCKG-3’; 
MiSeq- 1193R 5’GTCTCGTGGGCTCG 
GAGATGTGTATAAGAGACAGACGTCATCCCCACCTTCC-3’. The PCR mixture (25 µl) 
contained 5 µl of five-fold Phusion GC buffer, 200 µM of each of the four deoxynucleoside 
triphosphates, 4 µM of each primer, 0.5 U of Phusion high fidelity DNA polymerase (Thermo 
Scientific) and approximately 50 ng of cDNA as template. The following thermal cycling 
scheme was used: initial denaturation at 98°C for 30 s, 30 cycles of denaturation at 98°C for 





was carried out at 72°C for 2 min. Negative controls were performed using the reaction 
mixture without template. Genomic DNA of Escherichia coli strain DH5α was used as 
template in the positive control. Three independent PCRs were performed per sample. 
Obtained PCR products per sample were controlled for appropriate size, pooled in equal 
amounts, and purified using the NucleoMag NGS Clean up (Macherey-Nagel, Düren, 
Germany).  
Quantification of the purified PCR products was performed using the Quant-iT dsDNA HS 
assay kit and a Qubit fluorometer (Thermo Scientific) as recommended by the manufacturer. 
Quantified PCR products were barcoded using the Nextera XT-Index kit (Illumina, San 
Diego, USA) and the Kapa HIFI Hot Start polymerase (Kapa Biosystems, Wilmington, USA). 
The Göttingen Genomics Laboratory determined the sequences of the partial 16S rRNA genes 
employing the MiSeq Sequencing platform and the MiSeq Reagent Kit v3 (2 x 300 cycles) as 
recommended by the manufacturer (Illumina). 
2.9 Amplification of ITS region  
The fungal community in the rhizosphere was assessed by PCR targeting the ITS2 region with 
the primers ITS3_KYO2 (Toju et al., 2012) and ITS4 (White et al., 1990) containing the 




3′). The PCR mixture (25 µl) contained: 5 µl of five-fold Phusion GC buffer, 200 µM of each 
of the four deoxynucleoside triphosphates, 4 µM of each primer, 5% DMSO, 25 mM MgCl2, 
0.5 U of Phusion High Fidelity DNA polymerase (Thermo Scientific) and approximately 
10 ng DNA sample as template. For details in the thermal cycling conditions see (Wemheuer 
and Wemheuer, 2017; Granzow et al. 2017). Negative controls were performed using the 
reaction mixture without template. Genomic DNA of Aspergillus nidulans was used as 
template in the positive control. Three independent PCRs were performed per sample. 
Obtained PCR products per sample were controlled for appropriate size, pooled in equal 
amounts, and purified using the NucleoMag NGS Clean up (Macherey-Nagel). Quantification 
of the PCR products was performed using the Quant-iT dsDNA HS assay kit and a Qubit 
fluorometer (Thermo Scientific) as recommended by the manufacturer. Purified PCR products 
were barcoded using the Nextera XT-Index kit (Illumina) and the Kapa HIFI Hot Start 





sequences of the the ITS2 region employing the MiSeq Sequencing platform and the MiSeq 
Reagent Kit v3 (2 x 300 cycles) as recommended by the manufacturer (Illumina). 
2.10 Processing of microbial community dataset 
Generated sequencing data were initially quality filtered with the Trimmomatic tool version 
0.36 (Bolger et al., 2014). Low quality reads were truncated if the quality dropped below 15 
in a sliding window of 4bp. Subsequently, all reads shorter than 100bp and orphan reads were 
removed. Remaining sequences were merged, quality-filtered and further processed with 
USEARCH version 10.0.240 (Edgar, 2010). Filtering included the removal of reads shorter 
than 350 (bacteria) and 100 (fungi) or longer than 450 bp (bacteria) and 586 (fungi) as well as 
the removal low quality reads (expected error > 1) and reads with more than one ambitious 
base.            
 Processed sequences of all samples were concatenated to one file and subsequently 
dereplicated into unique sequences. These sequences were denoised with the unoise3 
algorithm implemented in USEARCH (Edgar, 2010). All OTUs consisting of one single 
sequence (singletons) were removed. Subsequently, remaining chimeric sequences were 
removed using UCHIME (Edgar et al., 2011) in reference mode with the QIIME release of the 
UNITE database version 7.2 (Kõljalg et al., 2013) for fungi. Filtered sequences were mapped 
on remaining unique sequences to determine the occurrence and abundance of each unique 
sequence in every sample. To assign taxonomy of fungal chimera-free sequences were 
classified by BLAST alignment against the most recent UNITE database (Kõljalg et al., 2013) 
with an e-value threshold of 1e-20. Concatenated sequences of all sequences were mapped on 
the final set of unique sequences to calculate the evenness and abundance of each unique 
sequence in all samples. All non-fungal or non-bacterial zOTUs were removed based on their 
taxonomic classification in the respective database. Final zOTU tables for bacteria and fungi 
are provided in Table S2 and S3. Only zOTUs occurring in more than one sample were 
considered for further statistical analysis. Samples with less than 445 (bacteria) and 63 (fungi) 
sequences per sample were removed prior statistical analysis, resulting in 160 and 126 
samples for bacteria and fungi. 
2.11 Statistical Analysis 
All statistical analyses were performed using R version 3.4.0 (R Core Team, 2016). 
Differences in edaphic, plant and bacterial community data were considered as statistically 





with regard to cropping system and water treatment (yes/no) were tested by a Kruskal-Wallis 
test. There were no significant differences of the mean sequencing depths between the 
cropping systems and water treatments. In consequence, zOTU tables were not rarefied as 
recommended by McMurdie and Holmes (2014).  
Alpha diversity indices (Richness, Shannon index of diversity and Michaelis Menten 
Fit) were calculated in the vegan package version 2.4.4 (Oksanen et al., 2016) and the drc 
package version 3.0-1 (Ritz and Streibig, 2016). OTU tables were rarefied using the rrarefy 
function in vegan and samples with less than 2060 (bacteria) and 213 (fungi) sequences were 
removed prior alpha diversity analysis. Sample coverage was estimated using the Michaelis-
Menten Fit calculated in R. For this purpose, richness and rarefaction curves were calculated 
using the picante package version 1.6-2 (Kembel et al., 2010). Richness and diversity were 
calculated using the specnumber and diversity function, respectively. The Michaelis-Menten 
Fit was subsequently calculated from generated rarefaction curves using the MM2 model 
within the drc package version 3.0-1 (Ritz and Streibig, 2016). All alpha diversity indices 
were calculated 10 times. The average from each iteration was used for further statistical 
analysis. Final tables containing bacterial and fungal richness, diversity, Michaelis-Menten Fit 
and coverage are provided in Table S4 and S5. 
Data were tested for normal distribution with shapiro and homogeneity of variance 
with leveneTest function with the package car version 2.1-5 (Fox and Weisberg, 2011). For 
global differences (for all three harvests) between measured edaphic properties and plant 
parameters were calculated with a linear mixed model with the function lme and the R 
package nlme version 3.1-131 (Pinheiro et al., 2017) with pot number as random factor. Data 
was log-transformed when not normal distributed. F-values were evaluated with ANOVA and 
type=”marginal”. In addition, each harvest was tested separately with a post hoc test using 
Dunn’s test with p-value adjustment “BH” and the function dunnTest in the R package FSA 
version 0.8.17 (Ogle, 2016). Alpha-diversity was evaluated with Kruskal-Wallis test or post 
hoc test using dunnTest. Differences in community composition were investigated by 
permutational multivariate analysis of variance (PERMANOVA; Anderson, 2001) based on 
Bray-Curtis distance matrices using 999 random permutations. Bacterial and fungal 
communities were tested separately. OTU tables were subsampled ten times and all tables 
were summed up to account for low abundant species. Global effects (calculated for all three 
sampling times together) for crop species on fungal and bacterial communities were tested 
with strata = pot, as we had pseudoreplicated data. A significant p-value in PERMANOVA for 





or both (Anderson, 2001). In case of significant p-values in PERMANOVA, we tested for 
differences in homogeneity using permutational analysis of multivariate dispersions 
(PERMDISP, Anderson, 2006) with 999 permuations. NMDS, PERMANOVA and 
PERMDISP were run using functions; metaMDS, adonis and betadisper, respectively, in the 
R package vegan (Oksanen et al., 2016). Differences in community composition were 
visualized using the metaMDS function within the vegan package (Oksanen et al., 2016). To 
investigate in differences between cropping regimes, pairwise Adonis with p-value adjustment 
“BH” based on Bray-Curtis distances were used (Martinez Arbizu, 2017). 
To identify zOTUs highly associated to cropping regime, multipattern analyses were 
applied. For that purpose, bacteria and fungi were investigated using the multipatt function 
from the IndicSpecies package version 1.7.6 (DeCáceres and Legendre, 2009). Only bacterial 
and fungal zOTUs found in at least three samples were used. The biserial coefficients (R) 
with a particular cropping regime were corrected for unequal sample size using the function 
r.g (Tichy and Chytry, 2006). For visualization, a bipartite network was generated using the 
treatment as source nodes and the taxa as target nodes. Network generation was performed 
using the edge-weighted spring embedded layout algorithm in Cytoscape version 3.3.0 
(Shannon et al., 2003). The results of the multipattern analyses are provided in Table S6. 
Correlation-based co-occurrence patterns were calculated with respect to cropping 
regime to investigate the interactions between bacteria and fungi in the rhizosphere soil. 
Therefore, bacterial and fungal zOTU tables were combined resulting in 126 samples for each 
kingdom. To enhance reliability of the co-occurrence patterns, only zOTUs with an average 
abundance of more than 0.01% were considered. Additionally, zOTUs present in at least three 
samples were taken into account. Pairwise correlation based on Spearman’s rho was 
calculated using the cor.test function in R and the numbers of significant positive and 
significant negative correlations were counted. Positive correlations were considered as two 
taxa co-occurring or cooperation between the two taxa. Negative correlations were considered 
as two taxa avoiding each other or competition between the two taxa. 
3. Results and Discussion 
3.1 Edaphic properties  
We investigated in several edaphic properties including pH-value, total organic carbon and 
nitrogen, as previous studies have been shown that cropping system or drought can change 
chemical characteristics in the rhizosphere soil (Song et al., 2007b; Preece and Peñuelas, 





edaphic properties compared to water treatment. Results of linear mixed effect model showed 
that pH-value was significantly influenced by cropping system in the rhizosphere of wheat 
(LMM, df=21, F=5.72, p=0.0026). This was mainly observed for harvest 2, with lowest pH 
values under WIC (Table 2). In addition, we observed that pH-value was significantly lower 
in FBIC compared to FBM for both genotypes specific for harvest 2 (Kruskal-Wallis (KW)-
test, S_004 x2=6.37, df=1, p=0.012; S_062: x2=10.63, df=1, p=0.001). C:N ratio as well as 
carbon were significantly affected by cropping system in the wheat rhizosphere (LMM, C:N 
ratio: df=21, F=5.96, p=0.023; carbon: df= 21, F=4.47, p=0.046). Total nitrogen and carbon 
had significant lower values under WIC compared to WM for harvest 3 whereas the opposite 
was observed for harvest 2. Cropping system also significantly influenced C:N ratio in S_004 
(S_004; LMM, df=13, F=50.54, p<0.0001) and had highest C:N ratio was found under FBIC 
compared to FBM (Table 3).  
3.2 Overall microbial community 
The response of the bacterial and fungal communities of faba bean and wheat towards water 
deficit under different cropping systems were assessed by Illumina (MiSeq) sequencing 
targeting the bacterial 16S rRNA gene and internal transcribed spacer region. After removal of 
low quality reads, PCR artefacts (chimeras) and non-target contaminations, a total of 
1,309,304 and 860,402 high quality reads were obtained for bacteria and fungi (Table S4, S5). 
Sequence numbers per sample varied between 445 to 71,551 (average 8,182.2) for bacteria 
and 63 to 104,940 for fungi. Obtained sequences were grouped into 5,809 bacterial and 1,073 
fungal zOTUs (Table S2, S3). Calculated Michaelis-Menten Fit and rarefaction curves 
confirmed that the majority of microbial communities were recovered by the surveying effort 
(Figure S1, S2; Table S4, S5).       
 Bacteria were dominated by eight phyla (>0.5% of all sequences across all samples): 
Proteobacteria (53.71%), Bacteroidetes (17.30%), Actinobacteria (16.94%), 
Gemmatimonadetes (5.50%), Acidobacteria (2.28%), Chloroflexi (1.36%), Entotheonellaeota 
(1.12%) and Fibrobacteres (0.55%). The Proteobacteria were dominated by 
Gammaproteobacteria (29.95%), followed by Alpha- (12.40%) and Deltaproteobacteria 
(11.35%). The abundant bacterial phyla were present in all samples and accounted for 
98.81%, of all sequences analysed in this study. At family level, Burkolderiaceae (19.94%), 
Microscillaceae (7.89%) and Polyangiceae (5.01%) dominated the bacterial dataset. The most 
frequent bacterial genera were Curvibacter (4.79% %), Rhizobacter (3.14%), Comamonas 





Fungi were dominated by six abundant phyla: Ascomycota (30.77%), Glomeromycota 
(12.98%), Basidiomycota (8.70%), Mucoromycota (1.06%), Zoopagomycota (0.62%) and 
Mortierellomycota (0.54%). Approximately 45.16 % of all sequences belonged to unidentified 
fungi. At family level, Mycosphaerellaceae (15.78%), Gigasporaceae (6.08%) and 
Glomeraceae (5.45%) dominated the fungal dataset. The most frequent fungal genera were 
Polythrincium (15.67%), Dentiscutata (6.08%), Cladosporium (1.58%), Periconia (1.18%) 
and Rhizopus (1.01%) (Figure 3). Abundant bacterial and fungal taxa were also found in 
previous studies investigating in microbial communities in the rhizosphere soil (Zhou et al., 
2017; Li et al., 2018). 
3.3 Fungal community in the rhizosphere soil was more sensitive towards water deficit 
than bacteria 
According to our first hypothesis that water deficit affects microbial community diversity 
and composition, we calculated diversity (represented by the Shannon index H’) and 
richness (number of observed unique sequences) with regard to harvest. A general 
influence of water deficit on bacterial and fungal alpha-diversity was not found. 
Furthermore, differences between water treatments on beta-diversity were not immediately 
evident with the NMDS (non-metric multidimensional scaling) analysis based on Bray-Curtis 
dissimilarities (Figure 4). However, PERMANOVA found that water deficit significantly 
influenced fungal community composition in harvest 1 and 2 which explained 7.7% and 
6.8% of the variance (PERMANOVA, p=0.006 (H1); p=0.049 (H2)) whereas bacteria were 
not influenced (Table 6). In accordance with this observation was the study by Schmidt et 
al., (2017). They investigated how reduced moisture conditions impacted soil fungal 
communities from temperate grassland over the course of an entire season. As a result, they 
reported that fungal diversity was not different between the experimental moisture levels, 
whereas fungi changed in their composition, in both abundances and presence/absence of 
species (Schmidt et al., 2017). In contrast to our results, Naylor et al., (2017) showed that 
bacterial diversity and composition was significantly influenced by drought in the root 
endosphere, rhizosphere and bulk soil of different grasses. In our study, results indicate that 
fungal communities were more sensitive towards water deficit compared to bacteria in the 
rhizosphere. In accordance with this assumption were previous findings (Kaisermann et al., 
2015; He et al., 2017). On the other hand, studies have shown that fungi were more resistant 
towards drought compared to bacteria (Barnard et al., 2013; Meisner et al., 2018) or that both 





al., (2013) investigated in active (RNA-based) and entire (DNA-based) bacterial and fungal 
communities in grassland bulk soil. They found that fungal community composition exhibited 
a marked resistance to changes in water availability, whereas only the active bacterial 
community responded towards desiccation (Barnard et al., 2013). These contradictory 
findings between studies might be attributed to different investigated compartments (bulk vs. 
rhizosphere soil), differences in experimental settings such as drought intensities or soil 
characteristics, and precipitation history in soil which has been shown to affect microbial 
communities and their response towards drought (Santos-Medellin et al., 2017; Kaisermann et 
al., 2015; Kaisermann et al. 2017).            
3.4 Crop species and genotype influenced response of bacteria and fungi towards 
water deficit 
We further evaluated whether crop species and genotypes had an influence on microbial 
communities. We found a significant higher fungal diversity in wheat rhizosphere compared 
to faba bean specific for harvest 2 (KW-test, x2= 4.3, df=1, p=0.038), whereas bacterial 
diversity was unaffected by crop species. A significant difference between genotypes on 
bacterial and fungal alpha-diversity was not observed. In general, crop species explained 2.1% 
(PERMANOVA, p=0.003; PERMDISP, F=4.73, p=0.029) and 2.0% (PERMANOVA, 
p=0.001) of the variance in the bacterial and fungal dataset. Faba bean genotype significantly 
influenced bacterial community composition specific for harvest 1 but fungi were complete 
unaffected. Here, genotype explained 6.1% of the variance (PERMANOVA, p=0.01). 
Moreover, several taxa were more abundant in one of the two crop species or faba bean 
genotypes (Figure2, 3). Higher relative abundances of the bacterial genus Rhizobium was 
more often found in faba bean rhizosphere (4.12%) compared to wheat (0.6%). In addition, 
the fungal genus Polythrincium was frequent in faba bean rhizosphere especially in genotype 
S_004 with 27.8% relative abundance compared to S_062 (19.04%) and wheat (3.34%).  
In line with our results, previous studies reported that plant identity is one of the 
important factors shaping the microbial community in the rhizosphere soil (Dawson et al., 
2017; Zhou et al., 2017). For example, Zhou et al., (2017) investigated in three legume and 
grass species grown in a mesocosms and demonstrated that legume and grass differentially 
shaped the bacterial and fungal community composition and diversity in the soil. They also 
found that fungal diversity was significantly higher in grass compared to different legume 
species, whereas bacteria showed the opposite effect, indicating that bacteria and fungi 





Li et al., (2018) found that bacterial community composition in the rhizosphere was 
substantially different between two rice cultivars. However, bacterial alpha-diversity and 
fungi displayed no responsiveness. In addition, they indicated that cultivar dependent effects 
were stronger for bacteria than for fungi (Li et al., 2018) which was similar to our 
observation. They explained that observed changes in bacterial community composition were 
related to alterations in pH and Bt protein concentration in the soil (Li et al., 2018). Similar, 
legume and grass species not only differently affect edaphic properties such as pH but also 
differ in their quantity and quality of root exudates (Siczek et al., 2018; Zhou et al., 2017) 
which might also explain observed changes towards crop species.  
We further hypothesized that crop species and genotype would alter the response of 
bacterial and fungal communities towards water deficit. In the rhizosphere of S_004, we 
recorded significantly lower fungal diversity and richness in water deficit compared to 
well-watered plants specific for harvest 1 (KW-test, shannon, x2=5.0, df=1, p=0.025; 
richness, x2=5.0, df=1, p=0.025) (Table 5).  
Evaluation of microbial community with NMDS showed that only bacterial 
community composition for faba bean genotype S_062 exhibited a distinct clustering between 
control and water deficit treatment for harvest 1 (Figure 5). PERMANOVA also confirmed 
that water deficit significantly influenced bacterial community composition for genotype 
S_062 and explained 21.1% of the variance (PERMANOVA, p=0.002). However, dispersion 
among water treatments was not homogenous (PERMDISP, F=18.63, p=0.002). 
Previous studies indicated that indirect environmental factors such as plant species 
which are also influenced by drought might play a larger role in altering microbial 
communities than direct effects of desiccation (Kaisermann et al., 2017; deVries et al., 2018). 
Water deficit can lead to plant stress that changes plant metabolism including the composition 
and quality of plant residuals such as root exudates (Henry et al., 2007; Preece and Peñuelas, 
2016). As crop species but also genotypes differ in their susceptibility towards water deficit, 
changes in root exudation might be also different and thus, the response of the microbial 
community (Preece and Peñuelas, 2016). Similarly, Santos-Medellin and coworkers (2017) 
investigated in four different rice cultivars and plant compartments and recorded 
compartment-specific cultivar effects on drought response for the bacterial community 
composition. However, they only found few individual OTUs which showed differential 
responses to drought based on genotype, indicating that communities assembled in each 





that response of bacterial community composition towards water deficit was dependent on 
faba bean genotype. 
3.5 Cropping system influenced fungal community but not bacteria in the rhizosphere 
soil 
We further evaluated the influence of cropping system on the microbial community 
composition and diversity. We found no significant effect of cropping system on bacterial and 
fungal diversity and richness. NMDS analysis showed for fungi a clustering between the 
cropping system WIC and WM especially for harvest 1 and 2 (Figure 6). However, 
PERMANOVA found that cropping system only significantly affected fungal community 
composition in wheat for harvest 2. Here, cropping system explained 9.8% of the variance in 
the fungal dataset (PERMANOVA, p=0.024). In contrast, bacterial community composition 
was complete unaffected by cropping system. In accordance to this result, Wang et al. (2012) 
showed that fungal community composition in the rhizosphere of wheat in monoculture was 
significantly different compared to wheat in intercropping system whereas bacteria were not 
influenced. They also explained that soil type and crop species were the main effects which 
influenced microbial communities in the rhizosphere soil (Wang et al., 2012). Other studies 
reported that intercropping and monoculture significantly affected bacterial and/or fungal 
diversity which was in contrast to our results (Yang et al., 2016; Li and Wu, 2018). Li and Wu 
(2018) showed that from seven intercropping systems only the combination of 
cucumber/mustard and cucumber/trifolium increased bacterial and fungal diversity in bulk 
soil compared to cucumber monoculture, indicating that crop species exhibited a strong 
influence on microbial communities. 
Moreover, we found that differences between water treatments were pronounced for a 
specific cropping system. For example, fungal diversity and richness was significantly lower 
in the rhizosphere of S_004 in FBM_D compared to FBM_C for harvest 1 (KW-test, shannon, 
x2=4.5, df=1, p=0.033; richness, x2=4.5, df=1, p=0.033). In the cropping system WM, we 
observed significant higher fungal richness (KW-test, H2, x2=3.85, df=1, p=0.049) under 
water deficit, whereas bacterial diversity (KW-test, H1, x2=4.08, df=1, p=0.043) showed 
significant lower diversity compared to control treatment. In contrast, microbial community 
composition was not influenced by the combination of water deficit and cropping system. We 
speculate that the response of bacterial and fungal diversity and/or richness towards water 





water competition which was increased under monoculture resulting in a more sensitive 
microbial community. 
3.5 Associated bacterial and fungal taxa as well as microbial interactions are altered by 
water deficit and cropping system 
To identify bacterial and fungal taxa responsible for the observed differences among water 
deficit and cropping system, we performed a multipattern analysis to investigate which 
microorganisms are significantly associated with those treatments (Table S6). In general, the 
wheat cropping regimes harbored the highest number of associated bacterial and fungal taxa, 
whereas faba bean cropping regimes the least number (Figure 7). Most significant associated 
bacterial taxa were shared between cropping regimes and we found that the cropping regimes 
WM_C and WM_D had the most uniquely associated bacterial taxa for all sampling times. 
However, identity of associated bacterial taxa changed over time and between cropping 
regimes. For example, drought cropping regimes especially from faba bean plants showed 
more associated bacterial taxa from the phylum Actinobacteria than well-watered plants 
which was most pronounced for harvest 1. In addition, Bacteroidetes was associated more 
often with FBIC_D for harvest 3 than in harvest 1 or 2. In contrast, number of associated 
fungal taxa varied between the three harvests (Figure 7). For example, most unique associated 
fungal taxa were found in the cropping regime WM_D for harvest 1 and 2, whereas for 
harvest 3 most unique associated fungi were found in WM_C. The main fungal classes 
associated with drought especially in WM were assigned to Agaricomycetes and 
Dothideomycetes for harvest 1 and 2.  
In accordance to our results, previous studies observed an enrichment of the bacterial 
phylum Actinobacteria under drought stress in root endosphere, bulk as well as rhizosphere 
soil (Kavamura et al., 2013; Naylor et al., 2017; Santos-Medellin et al., 2017). As 
Actinobacteria are well-known to be highly tolerant for life in arid environments, they might 
increase in abundance under drought, whereas sensitive taxa diminish (Bull and Asenjo, 2013; 
Kavamura et al., 2013). Similarly, Kavamura et al., (2013) found that the phylum 
Bacteroidetes strongly correlated with rainy season in soil, whereas Actinobacteria with dry 
season. Moreover, Meisner and coworkers (2018) showed that the bacterial phylum 
Bacteriodetes was enriched when soil had a drought history which might additionally explain 
the increased number of associated bacterial taxa in the water deficit treatment for the re-
watering phase. They also indicated that fungal OTUs belonging to Dothideomycetes but also 





Observed taxa are frequently described in plant microbiome surveys (Gdanetz et al., 2017; 
Naylor et al., 2017) but their specific roles in association with plants under water deficit 
remains relative unclear. However, we speculate that crops under water deficit selected 
competent microorganisms which provide the crops some degree of tolerance or assist in their 
development through growth promotion (Goh et al., 2013; Coleman-Derr and Tringe, 2014).
 We further investigated the effect of cropping regimes on inter-and intra-domain 
interactions of fungi and bacteria. We calculated the number of significant correlations 
between OTUs for each harvest. Positive interactions (indicating species co-occurrence) are 
regarded indicative for cooperation, whereas negative interactions indicate avoidance or 
competition. In general, bacteria had more total significant interactions but less positive 
interactions than fungi (Table 7). Inter-domain interactions displayed less positive interactions 
than bacteria or fungi. In addition, faba bean rhizosphere had more positive intra-and inter-
domain interactions than wheat. We observed a marked increase of positive intra-domain 
interactions in the fungal community in WIC_C compared to WM_C in each harvest. For 
bacteria, we recorded more positive correlations under water deficit in wheat compared to 
well-watered conditions. For example, the cropping regime WIC_D (67.58%) and WM_D 
(64.34%) showed more positive bacterial intra-domain interactions compared to WIC_C 
(57.19%) or WM_C (56.25%) for harvest 2. For inter-domain interactions between bacteria 
and fungi, we observed no consistent pattern. For example, number of positive inter-domain 
correlations decreased in the cropping regime FBM_D (25.25%) and FBIC_D (38.49%) 
compared to FBIC_C (77.75%) in the re-watering phase. In contrast, higher abundance of 
positive inter-domain interactions were observed in WM_D (43.08%) and WIC_C (55.99%) 
compared to WM_C (18.19%) for harvest 3.     
 Similar to our results, deVries et al., (2018) found that in general, fungal networks 
contained fewer negative correlations than bacterial networks in grassland bulk soil. 
Furthermore, deVries et al., 2018 showed that drought reduced the proportion of negative 
correlations in bacteria which was in accordance with our observations but specific in the 
wheat rhizosphere. Another study by Li and Wu (2018) reported that only a specific crop 
species combination from seven intercropping systems showed an increase of positive 
bacterial and/or fungal correlations compared to monoculture which was in line with our 
observations in fungi under WIC. For our findings, we speculate that changes in interactions 
might be related to shifts in water availability that might reduce competitive ability of 
dominant microbial taxa towards other taxa which are better adapted to the current moisture 





root exudation profile which might also affect interactions within the plant microbiome (Zhou 
et al., 2017). As indicated by previous research (Granzow et al., 2017; Kaisermann et al., 
2017), we further assume that inter- and intraspecific competition between plants for water (or 
nutrients) in the specific cropping system had different effects on each crop species and thus 
on their associated microbial communities. Bacteria and fungi co-occur in the same habitat, 
the rhizosphere; however they differ in their lifestyle in terms of colonization area which 
might further explain differences in the observed results towards water deficit and cropping 
systems. For example, bacterial habitats are reduced to soil particle of few mm3 or in specific 
zones in a biofilm on roots (Deveau et al., 2018). In contrast, fungi have an extended and 
exploratory hyphal network with which they locally interact with other plants, 
microorganisms and microfauna (Deveau et al., 2018). 
4. Conclusion 
Our study provides novel findings of the response of the active microbial communities in the 
rhizosphere soil towards water deficit and cropping system in two important agricultural crops 
using Illumina MiSeq sequencing. In accordance to our hypotheses we found that both 
bacterial and fungal communities were altered by water deficit; however they responded 
differently towards drought. Changes of bacterial community composition were dependent on 
crop species and genotype, whereas alpha-diversity showed a marked resistance towards 
water deficit. In contrast, fungal community composition responded more sensitive towards 
water deficit but fungal alpa-diversity was altered dependent on crop genotype. Cropping 
system alone changed only fungal community composition but not bacteria. However, we 
recorded complex changes in microbial interactions when considering water deficit and 
cropping system. Obtained results highlight that the combination of crop species, genotype 
and cropping system play key roles in the response of the active microbiome in the 
rhizosphere soil towards drought. Further research on field-scale might deepen our 
understanding how sustainable agricultural practices and plant-associated microorganisms 
might mitigate future drought events. 
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Table 1. Sampling numbers for each container and harvest. 
Treatments /Compartments ID Rhizosphere Plants/treatment 
Harvest 1 
Faba bean monoculture S_004 S4_FBM 1 (8/7) 8 
Faba bean monoculture S_062 S62_FBM 1 (8/7) 8 
Faba bean intercropping S_004 S4_FBIC 1 (8/8) 8 
Faba bean intercropping S_062 S62_FBIC 1 (8/4) 8 
Wheat monoculture WM 2 (8/5) 16 
Wheat intercropped WIC 2 (15/12) 32 
Harvest 2 
Faba bean monoculture S_004 S4_FBM 1 (7/6) 8 
Faba bean monoculture S_062 S62_FBM 1 (7/6) 8 
Faba bean intercropping S_004 S4_FBIC 1 (8/8) 8 
Faba bean intercropping S_062 S62_FBIC 1 (8/8) 8 
Wheat monoculture WM 2 (8/6) 16 
Wheat intercropped WIC 2 (15/11) 32 
Harvest 3 
Faba bean monoculture S_004 S4_FBM 1 (8/6) 8 
Faba bean monoculture S_062 S62_FBM 1 (7/4) 8 
Faba bean intercropping S_004 S4_FBIC 1 (8/6) 8 
Faba bean intercropping S_062 S62_FBIC 1 (8/6) 8 
Wheat monoculture WM 2 (7/6) 16 
Wheat intercropped WIC 2 (14/10) 32 
Total (for each harvest)  64 32(FB), 48(W) 
Total (all)  192 240 
WM, wheat in monoculture; FBM, faba bean in monoculture, FBIC, faba bean samples in intercropping; WIC, 
wheat samples in intercropping. Numbers before brackets refer to sampled plants per pot. Numbers in brackets 
refer to the number of samples left after removal of samples with too low sequencing numbers. First number in 
brackets refers to bacteria, second to fungi. Harvest 1 refers to “beginning of water deficit”, harvest 2 refers to 
“during water deficit” and harvest 3 refers to “re-watering”. Sample size (n) for the cropping system WIC was 16 














Table 2.pH-value in the rhizosphere of wheat and faba bean genotypes. 
Different small and large letters in columns and rows indicate statistically significant differences between 
treatments (Dunn’s-test or Kruskal-Wallis-test, p≤0.05, means ± SE). Abbreviations: FBM/WM, faba bean/wheat 
grown in monoculture; FBIC/WIC, faba bean/wheat intercropped; C, control treatment; D, water deficit 
treatment. Harvest 1, beginning of water deficit; Harvest 2, during water deficit; Harvest 3, re-watering.
Treatment Harvest 1 Harvest 2 Harvest 3 
Wheat_C 7.10±0.06A 7.05±0.06A 7.39±0.01B 
Wheat_D 7.11±0.06A 7.02±0.05B 7.43±0.02C 
WIC_C 7.05±0.08 6.93±0.04a 7.39±0.01 
WIC_D 7.12±0.08 6.91±0.02a 7.42±0.03 
WM_C 7.20±0.09 7.30±0.06b 7.40±0.02 
WM_D 7.08±0.10 7.23±0.02b 7.44±0.04 
S4_C 7.12±0.09AB 7.11±0.04A 7.37±0.01B 
S4_D 7.10±0.09A 7.00±0.05A 7.36±0.01B 
S4_FBIC_C 7.25±0.13 7.03±0.06ab 7.39±0.01 
S4_FBIC_D 7.24±0.10 6.94±0.03a 7.37±0.01 
S4_FBM_C 7.03±0.12 7.20±0.01b 7.35±0.00 
S4_FBM_D 6.97±0.13 7.07±0.08ab 7.35±0.02 
S62_C 7.18±0.08AB 6.91±0.04A 7.36±0.01B 
S62_D 7.02±0.07A 6.95±0.04A 7.36±0.01B 
S62_FBIC_C 7.03±0.12 6.82±0.03a 7.38±0.00a 
S62_FBIC_D 7.02±0.10 6.84±0.04ab 7.36±0.00ab 
S62_FBM_C 7.34±0.01 7.01±0.01ab 7.34±0.01b 





Table 3. Carbon and nitrogen [%] in the rhizosphere of wheat and faba bean genotypes. 
Different small and large letters in columns and rows indicate statistically significant differences between treatments (Dunn’s-test or Kruskal-Wallis-test, p≤0.05, means ± SE). 
Abbreviations: FBM/WM, faba bean/wheat grown in monoculture; FBIC/WIC, faba bean/wheat intercropped; C, control treatment; D, water deficit treatment. Harvest 1, 
beginning of water deficit; Harvest 2, during water deficit; Harvest 3, re-watering. 
 
C:N ratio Ctotal[%] Ntotal[%] 
Treatment Harvest 1 Harvest 2 Harvest 3 Harvest 1 Harvest 2 Harvest 3 Harvest 1 Harvest 2 Harvest 3 
Wheat_C 11.12±0.21 10.99±0.21 10.78±0.34 2.02±0.04A 2.03±0.04A 1.56±0.14B 0.18±0.00A 0.19±0.01A 0.14±0.01B 
Wheat_D 11.46±0.15 10.97±0.25 11.28±0.14 2.04±0.04A 2.02±0.03A 1.74±0.08B 0.18±0.00A 0.19±0.00A 0.15±0.01B 
WIC_C 11.02±0.31 10.59±0.14a 10.67±0.51 2.03±0.03 2.05±0.02 1.34±0.16a 0.19±0.00 0.19±0.00 0.12±0.01a 
WIC_D 11.32±0.17 10.96±0.38a 11.16±0.20 2.01±0.04 2.07±0.03 1.60±0.07a 0.18±0.01 0.19±0.01 0.14±0.01a 
WM_C 11.34±0.21 11.81±0.19b 11.01±0.20 2.01±0.10 1.98±0.12 2.02±0.02b 0.18±0.01 0.17±0.01 0.18±0.00b 
WM_D 11.75±0.25 11.00±0.08ab 11.53±0.10 2.12±0.05 1.92±0.02 2.04±0.03b 0.18±0.00 0.18±0.00 0.18±0.00b 
S4_C 11.15±0.35 11.28±0.48 11.50±0.27 2.03±0.04 2.06±0.13 1.87±0.08 0.18±0.01 0.19±0.01 0.16±0.00 
S4_D 11.43±0.15 11.26±0.33 11.47±0.31 2.10±0.03 2.07±0.16 1.85±0.09 0.18±0.00A 0.19±0.02A 0.16±0.01B 
S4_FBIC_C 10.32±0.23a 10.21±0.20a 11.32±0.54 2.08±0.05 2.09±0.01 1.79±0.12ab 0.20±0.00a 0.21±0.01 0.16±0.01 
S4_FBIC_D 11.10±0.15ab 10.46±0.16ab 10.88±0.05 2.08±0.02 2.05±0.02 1.63±0.17a 0.19±0.00ab 0.20±0.00 0.15±0.01 
S4_FBM_C 11.98±0.24b 12.35±0.51b 11.67±0.13 1.98±0.07 2.03±0.28 1.96±0.09ab 0.17±0.01b 0.17±0.02 0.17±0.01 
S4_FBM_D 11.76±0.12b 12.06±0.23b 12.05±0.46 2.13±0.05 2.09±0.35 2.06±0.03b 0.18±0.00ab 0.17±0.03 0.17±0.01 
S62_C 11.47±0.10 11.63±0.26 11.34±0.33 1.96±0.04 1.88±0.10 1.79±0.09 0.17±0.00 0.16±0.01 0.16±0.01 
S62_D 12.11±0.37A 10.88±0.35B 11.41±0.19AB 1.86±0.09 1.70±0.19 1.64±0.11 0.16±0.01 0.15±0.02 0.14±0.01 
S62_FBIC_C 11.35±0.17 11.06±0.29a 11.16±0.57 2.01±0.03 2.12±0.04a 1.69±0.08 0.18±0.00 0.19±0.00a 0.15±0.01 
S62_FBIC_D 11.53±0.19 11.12±0.14ab 11.41±0.39 1.93±0.07 2.09±0.04a 1.42±0.15 0.17±0.01 0.19±0.01a 0.13±0.01 
S62_FBM_C 11.59±0.11 12.19±0.12b 11.53±0.41 1.90±0.08 1.65±0.07ab 1.90±0.17 0.16±0.01 0.14±0.01b 0.17±0.02 





Table 4. Bacterial richness and diversity in the rhizosphere soil with regard to water 
treatments and cropping systems. 
 Richness Diversity 
Treatment 1 2 3 1 2 3 
Wheat_C 845.25±74.03 866.07±55.6 794.57±223.71 6.19±0.22 6.24±0.12 5.82±1.12 
Wheat_D 841.90±48.62 818.37±105.68 691.02±341.75 6.18±0.13 6.03±0.59 5.35±1.8 
WIC_C 826.56±87.46 859.44±68.18 845.96±67.03 6.14±0.26 6.22±0.14 6.10±0.33 
WIC_D 848.04±56.29 802.91±115.8 609.23±433.16 6.20±0.14 5.94±0.71 4.87±2.26 
WM_C 877.98±26.99 877.68±26.91 657.53±442.47 6.29±0.05 6.27±0.06 5.08±2.19 
WM_D 831.15±36.04 849.28±88.03 813.70±64.94 6.14±0.12 6.21±0.22 6.09±0.24 
S4_C 744.71±295.43 516.54±382.25 805.37±95.79 5.76±1.17 4.49±2.14 5.93±0.62 
S4_D 795.20±40.3 792.59±113.95 751.91±145.78 6.04±0.14 5.85±0.86 5.77±0.78 
S4_FBIC_C 806.70±118.42 470.05±384.88 753.83±108.6 6.09±0.21 4.50±1.9 5.58±0.88 
S4_FBIC_D 821.95±31.61 833.45±70.86 630.77±129.17 6.14±0.06 6.17±0.2 5.19±0.9 
S4_FBM_C 698.23±398.1 578.53±453.94 844.03±76.41 5.51±1.59 4.47±2.89 6.19±0.17 
S4_FBM_D 759.53±5.82 738.10±153.72 842.78±75.47 5.91±0.1 5.43±1.29 6.21±0.26 
S62_C 780.94±87.63 867.72±47.53 740.08±289.75 5.99±0.34 6.21±0.15 5.51±1.63 
S62_D 835.76±39.45 614.13±368.85 820.79±90.57 6.15±0.18 4.94±1.94 6.15±0.26 
S62_FBIC_C 771.65±117.25 859.73±64.46 816.08±136.46 6.02±0.33 6.16±0.21 5.91±0.79 
S62_FBIC_D 846.80±32.91 562.87±420.59 834.40±75.33 6.18±0.15 4.71±1.86 6.17±0.24 
S62_FBM_C 793.33±44.83 875.70±36.08 664.08±402.33 5.94±0.43 6.26±0.07 5.12±2.27 
S62_FBM_D 824.73±47.16 652.58±386.75 802.63±123.42 6.11±0.23 5.11±2.26 6.12±0.34 
Diversity is expressed as Shannon values (H’) and richness is based on the number of unique sequences. 
Different small and large letters in columns and rows indicate statistically significant differences between 
treatments (Dunn’s-test or Kruskal-Wallis-test, p≤0.05, means ± SD). Abbreviations: FBM/WM, faba 
bean/wheat grown in monoculture; FBIC/WIC, faba bean/wheat intercropped; C, control treatment; D, water 





























Table 5. Fungal richness and diversity in the rhizosphere soil with regard to water 
treatments and cropping systems. 
 Richness Diversity 
Treatment 1 2 3 1 2 3 
Wheat_C 69.09±25.61 66.66±17.21 57.80±23.82 3.29±0.94 3.22±0.75 3.05±0.71 
Wheat_D 49.07±32.26 58.94±29.1 48.44±34.02 2.50±1.3 3.22±0.98 2.24±1.65 
WIC_C 66.34±28.71 66.48±21.59 49.57±23.93 3.19±1.06 3.06±0.9 2.78±0.67 
WIC_D 42.54±36.48 43.98±31.06 50.43±42.9 2.29±1.52 2.80±1.16 2.40±2.08 
WM_C 78.70±8.2 67.00±4.42 77.00±6.72 3.64±0.19 3.53±0.15 3.67±0.27 
WM_D 65.40±13.15 78.90±6.89 45.45±30.33 3.04±0.39 3.79±0.12 2.00±1.44 
S4_C 73.90±24.99a 49.20±30.59 59.80±14.86 3.49±0.86a 2.59±1.26 3.21±0.63 
S4_D 47.11±27.59b 50.93±30.07 42.78±22.46 2.30±1.18b 2.58±1.16 2.54±0.95 
S4_FBIC_C 65.65±32.2 60.65±19.38 64.00±13.3 3.26±1.14 3.18±0.6 3.34±0.66 
S4_FBIC_D 46.97±28.04 46.15±37.35 28.30±22.2 2.36±1.24 2.29±1.35 2.20±0.55 
S4_FBM_C 84.90±0.5 37.75±38.19 43.00±NA 3.80±0.15 2.01±1.57 2.70±NA 
S4_FBM_D 47.23±31.6 60.50±7.78 50.03±21.6 2.26±1.32 3.16±0.44 2.71±1.14 
S62_C 21.38±22.65 58.14±25.79 30.20±39.29 1.57±1.37 2.86±0.79 1.62±1.69 
S62_D 57.18±23.84 36.77±30.85 27.06±31.05 2.82±1.01 2.32±1.41 1.77±1.37 
S62_FBIC_C 34.10±NA 44.75±27.04 47.97±43.63 2.97±NA 2.45±0.77 2.36±1.88 
S62_FBIC_D 61.90±23.96 29.08±17.46 25.63±37.18 2.92±1.11 2.45±1.04 1.55±1.65 
S62_FBM_C 17.13±25.72 76.00±7.85 3.55±0.07 1.11±1.23 3.41±0.44 0.51±0.45 
S62_FBM_D 52.47±27.93 47.03±46.05 29.20±32.81 2.71±1.13 2.13±2.07 2.10±1.29 
Diversity is expressed as Shannon values (H’) and richness is based on the number of unique sequences 
Different small and large letters in columns and rows indicate statistically significant differences between 
treatments (Dunn’s-test or Kruskal-Wallis-test, p≤0.05, means ± SD). Abbreviations: FBM/WM, faba 
bean/wheat grown in monoculture; FBIC/WIC, faba bean/wheat intercropped; C, control treatment; D, water 
deficit treatment. Harvest 1, beginning of water deficit; Harvest 2, during water deficit; Harvest 3, re-watering. 
 
Table 6. Effects of the tested parameters on bacterial and fungal community 
composition for each harvest. 
 Bacteria Fungi 
Treatment 













Cropping system 2.1 0.23 1.1 0.916 1.3 0.826 1.7 0.812 1.7 0.832 2.7 0.382 
Crop species 4.2 0.005 3.4 0.049 2.1 0.319 5.8 0.001 4.9 0.001 4.7 0.003 
Genotype 6.1 0.01 2.7 0.649 2.6 0.724 3.2 0.735 2.9 0.823 5.4 0.221 
Water deficit 2.5 0.125 2.2 0.227 1.7 0.559 4.1 0.017 3.2 0.049 2.9 0.243 
Harvest 2.2 0.015     2.0 0.033     
Results of the permutational multivariate analysis of variance (PERMANOVA) with Bray-Curtis distances  
testing for the different treatments. Statistically significant differences (p≤ 0.05) between the treatments for each 
plant compartment are written in bold. Cropping systems compares monoculture versus intercropping. Genotype 










Table 7. Positive (+) and negative (-) relative interactions with regard to cropping 
regimes. 
  Harvest 1 Harvest 2 Harvest 3 
 Treatment Total + (%) - (%) Total + (%) - (%) Total + (%) - (%) 
B:B 
FBIC_D 67155 56.16 43.84 182063 97.49 2.51 89622 80.96 19.04 
FBIC_C 26456 58.88 41.12 79873 98.29 1.71 105301 87.93 12.07 
FBM_D 94036 76.59 23.41 49951 64.31 35.69 151945 58.16 41.84 
FBM_C 59102 54.93 45.07 99886 98.09 1.91 75704 54.82 45.18 
WIC_D 47469 62.88 37.12 81741 67.58 32.42 8 62.50 37.50 
WIC_C 91633 57.54 42.46 109847 57.19 42.81 173569 65.40 34.60 
WM_D 0 NA NA 49164 64.34 35.66 49641 53.36 46.64 
WM_C 119471 52.52 47.48 48673 56.26 43.74 4251 85.42 14.58 
F:F 
FBIC_D 950 87.68 12.32 545 100 0 1 100 0 
FBIC_C 550 91.09 8.91 3326 99.10 0.90 1812 100 0 
FBM_D 8672 97.52 2.48 190 100 0 305 100 0 
FBM_C 668 100.00 0.00 1771 99.94 0.06 0 NA NA 
WIC_D 4996 99.98 0.02 66 100 0 0 NA NA 
WIC_C 5419 98.41 1.59 1915 72.17 27.83 4240 99.88 0.12 
WM_D 0 NA NA 178 56.74 43.26 22 100 0 
WM_C 31 87.10 12.90 479 52.40 47.60 2556 71.48 28.52 
B:F 
FBIC_D 13123 56.15 43.85 7629 68.62 31.38 317 38.49 61.51 
FBIC_C 4691 59.41 40.59 10866 64.64 35.36 19946 77.49 22.51 
FBM_D 22273 73.05 26.95 2471 54.11 45.89 10765 25.25 74.75 
FBM_C 7747 62.99 37.01 15845 71.65 28.35 71 45.07 54.93 
WIC_D 7182 44.46 55.54 2025 41.73 58.27 0 NA NA 
WIC_C 39402 52.97 47.03 23299 53.80 46.20 32121 55.99 44.01 
WM_D 0 NA NA 5213 52.31 47.69 1706 43.08 56.92 
WM_C 3738 48.50 51.50 9400 53.59 46.41 5482 18.19 81.81 
Total refers to total number of significant interactions. Abbreviations: C, control treatment/ sufficiently irrigated; 
D, water deficit, drought treatment; FBM/WM, faba bean/ wheat monoculture; FBIC/WIC, faba bean/ wheat 
intercropped; B:B, bacterial intra-domain interactions; F:F, fungal intra-domain interations; B:F, bacterial and 































Figure 1. Experimental design. Abbreviations: FBM/WM, faba bean/wheat monoculture; 





Figure 2. Abundant bacterial genera in the rhizosphere soil and the investigated cropping systems with regard to water treatment and 
harvest. Only genera with an abundance >1% in at least one of the investigated cropping system are shown. Mean relative abundances of each 
taxon were calculated based on relative abundances calculated for each sample. Abbreviations: C, control treatment; D, water deficit treatment; 





Figure 3. Abundant fungal genera in the rhizosphere soil and the investigated cropping systems with regard to water treatment and 
harvest. Only genera with an abundance >0.05% in at least one of the investigated cropping system are shown. Mean relative abundances of each 
taxon were calculated based on relative abundances calculated for each sample. Abbreviations: C, control treatment; D, water deficit treatment; 






Figure 4. Response of bacterial and fungal communities in the rhizosphere soil  towards water 
treatment. Ordination is based on Bray-Curtis dissimiliarties between samples. NMDS ordination of 
microbial community is color-coded by the respective water treatment. Abbreviations: C, control 
































Figure 5. Response of bacterial and fungal communities in the rhizosphere soil towards 
water treatment regarding the different crop genotypes. Ordination is based on Bray-
Curtis dissimiliarties between samples. NMDS ordination of microbial community is color-
coded by the respective water treatment and genotype. Abbreviations: S4/S62, faba bean 



































Figure 6. Response of bacterial and fungal communities in the rhizosphere soil towards 
cropping system. Ordination is based on Bray-Curtis dissimiliarties between samples. NMDS 
ordination of microbial community is color-coded by the respective cropping system. 










Figure 7. Bipartitie association network for bacterial and fungal taxa within different 
cropping regimes for the three harvests. Significant associated taxa are shown. 
Abbreviations: FBM/WM, faba bean/ wheat monoculture; FBIC/WIC, faba bean/wheat 
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Figure S1. Rarefaction curve of the fungal community in the rhizosphere. Only the mean 
of all curves and the standard deviation are shown.  
 
Figure S2. Rarefaction curve of the bacterial community in the rhizosphere. Only the 
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Entomopathogenic fungi are frequently used as biocontrol agents in a sustainable agriculture. 
In the last years, they received more attention due to their various ecological functions as 
endophytes such as plant growth promotion. To date, our knowledge how the application of 
entomopathogenic fungi influences microbial communities in soil and plant endosphere in 
different cropping systems is still limited. Hence, we investigated the separate and combined 
effect of seed inoculation with Metarhizium brunneum Cb15-III and cropping system on 
bacterial and fungal communities in the rhizosphere soil, root as well as leaf endosphere of 
winter faba bean (Vicia faba L.) and winter wheat (Triticum aestivum L.) using large-scale 
metabarcoding. For this purpose, faba bean and wheat were grown in monoculture and in row 
intercropping under greenhouse conditions. Plant and soil samples were collected after five 





crop species and plant compartment exhibited a strong influence on the plant microbiome. 
Furthermore, M. brunneum application altered the fungal and bacterial community 
composition in the rhizosphere soil, and bacterial community composition in the leaf 
endosphere for both sampling times. In addition, microbial diversity and richness showed 
sampling time- and kingdom-specific responses towards M. brunneum application. For 
example, a significantly lower fungal diversity and richness in leaf endosphere and 
rhizosphere soil of inoculated wheat compared to control plants was observed at harvest 2 
only. Moreover, cropping system alone but also the combination of cropping system and 
application significantly affected plant microbiome. Fungal diversity and richness in root 
endosphere were significantly higher in intercropped wheat compared to monoculture and 
these differences were most pronounced between inoculated wheat cropping systems for 
harvest 2. For bacteria, we observed the same trend but in the rhizosphere, bacterial diversity 
and richness was significantly higher in intercropped wheat compared to monoculture which 
was most pronounced in inoculated wheat cropping systems for harvest 1. In addition, fungal 
application induced proliferation of specific bacteria in the rhizosphere, namely Shewanella 
spp. and Halomonas spp., which might be putatively important in plant growth promoting, 
biological control or in bioremediation. Overall, our findings highlight the importance to 
investigate the separate and combined effect of cropping system and application of 
entomopathogenic fungi on plant-associated microbial communities. The present findings 
increase our understanding of how the application of an entomopathogenic fungus affects 
microbial community which might gain further importance for biological control strategies in 
the future. 
1.  Introduction 
Entomopathogenic fungi (EPF) are frequently used as biocontrol agents in sustainable 
agriculture worldwide, mainly applied as spore suspension to the aerial plant parts (Bing and 
Lewis, 1991; Batta et al., 2013). Batta et al., (2013) showed that leaf inoculation of 
Metarhizium anisopliae on Brassica napus plants resulted in an increased mortality rate of 
Plutella xylostella larvae. Results indicated that the fungus colonized the internal tissue and 
acted as endophyte antagonistic against P. xylustella larvae (Batta et al., 2013). In the last 
years, EPF have received more attention due to their various ecological functions as 
endophytes (Lacey et al., 2015; Vidal and Jaber, 2015). EPF as endophytes have been shown 
to promote plant growth and yield (Sasan and Bidochka, 2012; Jaber and Enkerli, 2016, 





al., 2018). Recently, Krell et al., (2018) demonstrated that endophytism of M. brunneum 
through encapsulated application significantly enhanced biomass, as well as nitrogen and 
phosphorus content in potato. Consequently, the application of EPF may contribute to more 
sustainable production systems in certain crop plants (de Faria and Wraight, 2007; Ortiz-
Urquiza, Luo and Keyhani, 2015). 
While progress has been made in understanding the effects of entomopathogenic 
fungal application on the plant host and/or plant herbivore pest interactions (e.g., Raya-Diaz 
et al., 2017; Clifton et al., 2018), our knowledge how the application of EPF influences 
microbial communities still limited as most of these studies focused on the soil microbiome 
(Hirsch et al., 2013; Mayerhofer et al., 2017; McKinnon et al., 2018, but see Hong et al., 
2017). Recently, Mayerhofer et al., (2017) examined the potential effect of M. brunneum 
application on fungal and prokaryotic communities in the bulk soil using high-throughput 
sequencing. They observed that fungal application did not affect the indigenous microbial 
community under field conditions, whereas smaller shifts in the soil fungal community were 
observed under greenhouse conditions. In a study by Hong et al., (2017), the application of 
M. anisopliae strain CQMa421 slightly affected bacterial diversity and community 
composition in the rice phyllosphere during the first 6 days in the booting stage of rice 
growth, while no significant changes in fungal diversity were observed during this period. 
Other studies investigating the effects of agricultural practices on soil-borne EPF reported that 
pesticides (Hummel et al., 2002) or cropping practices (Kepler et al., 2015; Clifton et 
al.,2015) significantly affected EPF such as Beauveria bassiana or M. anisopliae. However, it 
remains largely unknown how different cropping systems might influence the effect of EPF 
application on plant-associated microbial communities. 
Hence, the aim of the present study was to investigate the combined effect of 
M. brunneum Cb15-III seed inoculation and a specific cropping system on plant-associated 
bacterial and fungal communities of two important crop species. For this purpose, winter 
wheat (Triticum aestivum L.) and winter faba bean (Vicia faba L.) were grown in monoculture 
and in row intercropping in a greenhouse pot experiment. Half of the plant seeds of both crops 
were treated with M. brunneum (inoculated plants), the other half was left untreated (control 
plants). M. brunneum was chosen because it has been reported that this species is able to 
transfer nutrients to their host plants (Behie and Bidochka, 2014; Krell et al., 2018). Plant and 
soil samples were collected after five and seven weeks of plant growing. Bacterial and fungal 
communities in rhizosphere and unplanted soil as well as in root and leaf endosphere were 





fungal internal transcribed spacer (ITS) region, respectively. We focused on four main 
hypotheses: (i) bacterial and fungal community composition and diversity depends on crop 
species and plant compartment. (ii) The application and establishment of an endophytic 
fungus in plant tissues creates a long-lasting effect on these bacterial and fungal communities 
(thus: no resilience). We further expected that (iii) cropping system influences effects of 
fungal application on plant microbiome and that (iv) response of bacterial and fungal 
communities differ between the different plant compartments.  
2. Material and Methods 
2.1 Plant material  
To examine the influence of cropping systems and seed inoculation with M. brunneum strain 
Cb15-III on the entire fungal and bacterial community in the soil and the plant endosphere, a 
greenhouse experiment was conducted in autumn 2016. This experiment was part of the 
IMPAC³-project (Novel genotypes for mixed cropping allow for improved sustainable land 
use across arable land, grassland and woodland). Seeding material from winter faba bean 
(genotype: S_062) was selected from field trial-tested inbreed lines used within the IMPAC3 
project and was provided by the Institute of Plant breeding at the University of Göttingen. 
Seeds of winter wheat (genotype: Genius) were provided by Norddeutsche Pflanzenzucht 
Hans-Georg Lembke KG. Seeds of the two crop species were surface-sterilized by serial 
washing according to Andreote et al., (2010), with one modification: after immersion in 
sterile, distilled water for two times and 30 s, seeds were additionally washed in sterile, 
diethylpyrocarbonate (DEPC)-treated water. Surface-sterilized seeds germinated on a 
moistened filter paper with sterile distilled water at 4°C in darkness for 72 hours. To 
determine how the host plant itself alters the response of plant-associated fungal and bacterial 
communities towards seed inoculation, sterile glass beads (Merck, Germany; Ø 6mm) were 
used as controls in unplanted container. Glass beads were treated in the same way as 
described above for plant seeds.  
2.2. Fungal material 
The entomopathogenic fungus M. brunneum strain Cb15-III was obtained from the fungal 
collection of the Agricultural Entomology Laboratory at the University of Göttingen, 
Germany, originally isolated from a luvisoil arable field. Fresh cultures of this strain were 





Agar (PDA; Carl Roth, Karlsruhe, Germany) at 24°C for 10 to 14 days. Fungal conidia were 
harvested with a sterile object plate under sterile conditions and suspended in autoclaved 
0.9% NaCl bidest water according to Gu et al., 2016. The conidial suspension was filtered 
through one layer of sterile gauze to remove hyphae and agar remnants. Subsequently, the 
conidia suspension was carefully mixed in a flask. Conidial concentrations were determined 
under a microscope using a haemocytometer (Thoma) and adjusted to a concentration of 
6*107 conidia ml-1. The viability of spore suspension was controlled on PDA plates. Seeds and 
glass beads were placed in the spore suspension (inoculated treatments) or in 0.9% NaCl 
(none-inoculated control treatments) for 16 hours 
2.3 Experimental design 
Inoculated and non-inoculated seeds of faba bean and wheat were sown as monoculture or 
mixture in polypropylene containers (Sunware; 455 x 360 x 240 mm). Each container was 
filled with air-dried, sieved (< 10 mm) and layered soil from the experimental study site in 
Reinshof (51.48° N, 9.92° E and 157m asl.), Germany. The soil was classified as Gleyic 
Fluvisol according to the FAO classification system and contained 21% clay, 68% silt and 
11% sand. The soil volume of each container accounted for approximately 20 L with a dry 
weight of 18 kg. Filling of the container was performed in layers adding distilled water to 
each layer to prevent soil compaction. For monocultures, 30 faba bean or 72 wheat seeds per 
container were sown in rows. For the intercropping treatment, 36 wheat and 15 bean seeds 
were sown in alternate rows. Unplanted container with inoculated or non-inoculated (control) 
glass beads were treated in the same way as described for the monoculture treatment.   
 In total, there were 10 different treatments: faba bean monoculture non-inoculated or 
inoculated with the fungus M. brunneum strain Cb15-III (MB/MBF), wheat monoculture non-
inoculated or inoculated (MW/MWF), faba bean intercropped non-inoculated or inoculated 
(XB/XBF), wheat intercropped non-inoculated or inoculated (XW/XWF) and unplanted soil 
non-inoculated or inoculated (C/CF) (Figure 1). Each treatment was replicated five times in a 
randomized block design. We defined two different cropping systems (monoculture and 
intercropping), whereas cropping regimes compromise each treatment, e.g. XB and XBF. All 
plants were cultured under light (12:12 h light/dark regime) and irrigated regularly for a 
growing period of seven weeks. The position of all containers was changed weekly to avoid 
spatial effects. To increase nutrient-limitation as well as intra- and interspecies interactions 






To investigate the effect of M. brunneum application on the plant microbiome over time, we 
collected samples from all treatments after a growing period of five weeks (harvest 1; H1) and 
seven weeks (harvest 2; H2). Fungal and bacterial communities in three different plant 
compartments were studied: the rhizosphere soil as well as the root and aerial (here regarded 
as leaf) endosphere. Moreover, fungal and bacterial communities in the soil of unplanted 
containers treated with inoculated and non-inoculated glass beads were analysed to investigate 
how the two crop plant species alter the response of these communities towards seed 
inoculation. To gain insights into the starting soil microbial community (CS), three composite 
soil samples of all unplanted soil containers were collected prior to the experimental start. 
At harvest 1, plants reached BBCH stage 14-18 (wheat) and 14-16 (faba bean). The 
BBCH-scale describes the developmental stages of Mono- and Dicotyledonous weed species 
(Hess et al., 1997). For molecular analysis, one faba bean plant as well as two wheat plants 
were randomly collected from each container (Table 1). At harvest 2, plants reached a BBCH 
stage 15-21 (wheat) and 18-21 (faba bean). For molecular analysis, two faba bean plants and 
three wheat plants were harvested as described for harvest 1. All collected plants showed no 
obvious sign of any disease infection. In addition, rhizosphere soil samples (the soil tightly 
attached to the roots) were taken. For this purpose, the roots were gently shaken to remove the 
non-rhizosphere soil and the rhizosphere soil was collected by carefully brushing the roots. 
Rhizosphere samples were pooled per container and plant species. In total, 60 faba bean 
plants and 100 wheat plants were collected for molecular analysis, resulting in 160 plant and 
80 rhizosphere samples (Table 1). All samples were immediately stored at -20°C until further 
analyses. Additional rhizosphere and soil samples of the unplanted containers were collected 
at both harvests for determination of edaphic properties including the soil organic C and N 
content. For determination of plant properties such as the water content, or organic C and N in 
roots and leaves were sampled at harvest 2. For a detailed description of the sampling 
procedure see Table S1. 
2.5 Edaphic and plant parameters 
As temperature of leaf canopy can be a stress indicator for fungal infection (Yao et al., 2018), 
we evaluated the transpiration of the plant canopy. Thermal images were taken weekly from 
the 4th to the 7th week using a T640 infrared camera (FLIR Systems, OR, USA). The thermal 
images were analyzed with the software FLIR ResearchIR version 3.3.12277.1002 (FLIR 





was measured weekly. The fresh biomass of plants (including roots and aerial parts) collected 
for molecular analysis was measured separately for below and aerial parts at both harvest 
times. Additionally, at harvest 1, ph-values and water content in unplanted and rhizosphere 
soils were measured. Total nitrogen (N) and carbon (C) in roots and leaves as well as the 
water content from roots and aerial parts of ten faba bean and twenty wheat plants per 
container were collected at harvest 2. Finally, relative water content (RWC) in leaves from 
two plants of each crop species and container were determined at harvest 2.  
For the determination of edaphic and plant properties, subsamples of homogenized and 
mixed plant and soil material were dried at 60°C for two days and sieved to < 2mm. Soil pH-
values were measured as follows: 2g rhizosphere soil or unplanted soil of each container was 
mixed with 5 ml PCR grade water. After incubation for 24h, pHbidest was measured in the 
supernatant with a glass electrode (WTW, inoLab). Finally, 0.37g KCl was added and pHKCl 
was measured. Soil and plant organic C and N concentrations were determined using a LECO 
TruSpec CN analyser (Leco Corp., St. Joseph, MI). The gravimetric soil and plant water 
content (%) was calculated from oven-dried subsamples. Relative water content (RWC) of 
leaves was determined according to Barrs and Weatherley (1962). In brief, the youngest fully 
expanded leaf was taken around solar noon and the fresh weight (FW) was measured. 
Afterwards, the leaf samples were incubated in distilled water in closed boxes at 
approximately 23 °C for three hours. Then, the turgid weight (TW) was determined and the 
leaf samples were dried at 60 °C for 24 h to examine the dry weight (DW). RWC was 
calculated as follows: RWC [%] = [(FW – DW) / (TW – DW)] * 100. Details on edaphic and 
plant parameters are provided in Table S2 and S3. 
2.6 Surface sterilization of plant material         
Foliar plant material was surface-sterilized according to Wemheuer and Wemheuer (2017). 
Surface sterilization of plant roots was performed as described in Granzow et al. (2017). The 
effectiveness of the sterilization process used was controlled as described previously 
(Wemheuer et al., 2016). In brief, aliquots of the water used in the final wash step were plated 
on common laboratory media plates, i.e., Luria-Bertani agar and potato dextrose agar. The 
plates were incubated in the dark at 25°C for at least one week. No growth of bacteria or fungi 
was observed. Moreover, water from the same aliquots was subjected to PCR targeting the 
bacterial 16S rRNA gene and the ITS region of fungi as described below. No PCR products 
were detected. Surface sterilized plant samples were grounded using a sterile mortar and 





2.7 Extraction of total microbial community DNA 
Total DNA of aerial plant parts and roots was extracted employing the peqGOLD Plant DNA 
Mini kit (Peqlab, Erlangen, Germany) according to the manufacturer’s instructions with two 
modifications described previously (Wemheuer et al., 2016). In brief, glass beads (Ø 3-6 mm) 
were used in the first step and 10µl Proteinase K (20 mg ml-1; Carl Roth, Karlsruhe, Germany) 
was added. Total environmental DNA of rhizosphere as well as unplanted soil was extracted 
employing the PowerSoil® DNA Isolation kit (Qiagen, Venlo, Netherlands) according to the 
manufacturer's protocol. DNA concentrations of DNA extracts were quantified using a 
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). In 
total, 253 samples (Table 1) were subjected to PCR targeting the bacterial 16S rRNA gene and 
the fungal ITS region.  
2.8 Amplification of the 16S rRNA gene 
Bacterial endophyte and soil communities were assessed by a nested PCR approach targeting 
the 16S rRNA gene as described in Wemheuer and Wemheuer (2017). For details of the first 
PCR reaction mixture and the thermal cycling scheme see Wemheuer et al. (Wemheuer et al., 
2016). Briefly, the primers 799f (5′-AACMGGATTAGATACCCKG-3′) (Chelius & Triplett, 
2001) and 1492R (5′-GCYTACCTTGTTACGACTT-3′) (Lane, 1991) were used in the first 
PCR to suppress co-amplification of chloroplast-derived 16S rRNA genes. Obtained PCR 
products were subjected to nested PCR. The V6-V8 region of the 16S rRNA gene was 





described previously (Wemheuer and Wemheuer, 2017) with one modification: 0.5 U of 
Phusion high fidelity DNA polymerase (Thermo Scientific, Waltham, MA, USA) was used. 
Three independent PCRs were performed per sample.Genomic DNA of Escherichia coli was 
used as control. Negative controls were performed using the reaction mixture without 
template. Obtained PCR products were pooled in equal amounts and purified using the 
NucleoMag NGS Clean up (Macherey-Nagel). Quantification of the PCR products was 
performed using the Quant-iT dsDNA HS assay kit and a Qubit fluorometer (Thermo 
Scientific) as recommended by the manufacturer. PCR products were barcoded using the 





(Kapa Biosystems, Wilmington, USA). The Göttingen Genomics Laboratory determined the 
sequences of the partial 16S rRNA employing the MiSeq Sequencing platform and the MiSeq 
Reagent Kit v3 (2 x 300 cycles) as recommended by the manufacturer (Illumina). 
2.9 Amplification of the ITS region 
Fungal communities in soil and endosphere were assessed by a nested PCR approach 
targeting the ITS region as described previously (Granzow et al., 2017; Wemheuer and 
Wemheuer, 2017). In the first PCR, the primers ITS1-F_KYO2 (5′-
TAGAGGAAGTAAAAGTCGTAA-3′) (Toju et al., 2012) and ITS4 (5′- 
TCCTCCGCTTATTGATATGC-3′) (White et al., 1990) were used to suppress co-
amplification of plant-derived ITS regions. Obtained PCR products were subjected to nested 
PCR. The ITS2 region was subsequently amplified as described for the first PCR using 
approximately 50 ng product of the first PCR and the primers ITS3_KYO2 (Toju et al., 2012) 





3′). Genomic DNA of Aspergillus nidulans was used as template in the positive control. 
Negative controls were performed using the reaction mixture without template. Three 
independent PCRs were performed per sample. Obtained PCR products were pooled in equal 
amounts and quantified as described for the bacterial PCR products. Pooled PCR products 
were barcoded using the Nextera XT-Index kit (Illumina, San Diego, USA) and the Kapa 
HIFI Hot Start polymerase (Kapa Biosystems, Wilmington, USA). The Göttingen Genomics 
Laboratory determined the sequences of the ITS2 region employing the MiSeq Sequencing 
platform and the MiSeq Reagent Kit v3 (2 x 300 cycles) as recommended by the manufacturer 
(Illumina, San Diego, USA). 
2.10 Detection of Metarhizium brunneum Cb15-III with conventional PCR 
For the identification of the inoculated Metarhizium isolate in the soil and the endosphere, a 
nested PCR approach was applied. Metarhizium clade 1 specific primers, namely Ma1763 (5’-
CCAACTCCCAACCCCTGTGAAT-3’) and Ma2079 (5’-
AAAACCAGCAGCCTCGCCGAT-3’) were used to amplify an approximately 320-bp region 





the first PCR contained: 2.5µl of 10-fold Mg-free Taq-polymerase buffer (Thermo Fisher 
Scientific, Braunschweig, Germany), 200 µM of each of the four desoxynucleoside 
triphosphates, 25 mM MgCl2, 4µM of each primer, 5% DMSO, 1U/µl of Taq DNA 
polymerase (Thermo Fisher Scientific) and approximately 25ng DNA samples as template. 
The following thermal cycling scheme was utilized: initial denaturation at 95°C for 2min 
followed by 40 cycles of denaturation at 95°C for 1min, annealing at 55°C for 1min, 
extension at 72°C for 1.5min and followed by final extension at 72°C for 5min. Obtained 
PCR products were subjected to nested PCR with the same primer pair. Reaction mixture 
(25µl) of the second PCR contained: 5μl of 5-fold Phusion GC buffer, 200μM of each of the 
four desoxynucleoside triphosphates, 4μM of each primer, 5% DMSO, 25 mM MgCl2, 0.5 U 
of Phusion High Fidelity DNA polymerase (Thermo Fisher Scientific). The following thermal 
cycling scheme was utilized: initial denaturation at 98°C for 30sec followed by 30 cycles of 
denaturation at 98°C for 15sec, annealing at 56°C for 30sec, extension at 72°C for 30sec and 
followed by final extension at 72°C for 2min. Negative controls were performed using the 
reaction mixture without template. Extracted DNA of Metarhizium brunneum Cb15-III was 
used as a template in the positive control. Presence of Metarhizium was confirmed on a 2% 
agarose gel. 
2.11 Processing of microbial community datasets 
Generated sequencing data were initially quality filtered with the Trimmomatic tool version 
0.36 (Bolger et al., 2014). Low quality reads were truncated if the quality dropped below 15 
in a sliding window of 4bp. Subsequently, all reads shorter than 100bp and orphan reads were 
removed. Remaining sequences were merged, quality-filtered and further processed with 
USEARCH version 10.0.240 (Edgar, 2010). Filtering included the removal of reads shorter 
than 250 bp or longer than 490 (fungi) or shorter than 400 or longer than 470 bp (bacteria) as 
well as the removal low quality reads (expected error > 1) and reads with more than one 
ambitious base.          
 Processed sequences of all samples were dereplicated, concatenated, and obtained 
unique sequences were denoised and clustered into zero-radius operational taxonomic units 
(zOTUs) with the unoise3 algorithm implemented in USEARCH version 10.0.240 (Edgar, 
2010). All OTUs consisting of one single sequence (singletons) were removed. Subsequently, 
remaining chimeric sequences were removed using UCHIME (Edgar et al. 2011) in reference 
mode with the SILVA SSU Ref NR 99 132 database (Quast et al., 2013) as reference data set 





for fungi. Filtered sequences were mapped on remaining unique sequences to determine the 
occurrence and abundance of each unique sequence in every sample. To assign taxonomy of 
bacteria and fungi, chimera-free sequences were classified by BLAST alignment against the 
most recent SILVA database (Quast et al., 2013) and the most recent UNITE database 
(Kõljalg et al., 2013), repectively, with an e-value threshold of 1e-20. Concatenated sequences 
of all sequences were mapped on the final set of unique sequences to calculate the evenness 
and abundance of each unique sequence in all samples. All non-bacterial or non-fungal 
zOTUs were removed based on their taxonomic classification in the respective database. Final 
zOTU tables for bacteria and fungi are provided in Tables S4 and S5, respectively. Only 
zOTUs occurring in more than one sample were considered for further statistical analysis. 
Samples with less than 22 (bacteria) and 16 (fungi) sequences per sample were removed prior 
statistical analysis, resulting in 229 samples for bacteria, and 231 samples for fungi.  
2.12 Statistical Analysis 
All statistical analyses were performed using R version 3.4.0 (R Core Team, 2016) and the 
packages therein. Differences were considered as statistically significant with p ≤ 0.05. 
Differences in alpha or beta diversity as well as sequencing depth with regard to cropping 
system, treatment and inoculation (yes/no) were tested by a Kruskal-Wallis test. There were 
no significant differences of the mean sequencing depths between the intercropping or 
monocropping systems, treatments or inoculation. In consequence, zOTU tables were not 
rarefied as recommended by McMurdie and Holmes (2014).  
A variety of alpha diversity indices (Richness, Shannon index of diversity and 
Michaelis Menten Fit) were calculated using the R-packages picante version 1.6-2 (Kembel et 
al., 2010) and drc version 3.0-1 (Ritz and Streigbig, 2016). Sample coverage was estimated 
using the Michaelis-Menten Fit calculated in R. For this purpose, richness and rarefaction 
curves were calculated utilizing the picante package (Kembel et al., 2010). OTU tables were 
rarefied using the rrarefy function in vegan version 2.4.4 and samples with less than 17,177 
(soil bacteria), 4,172 (rhizosphere soil bacteria), 508 (root bacteria), 22 (leaves bacteria), 
6,105 (soil, fungi), 596 (rhizosphere soil, fungi), 61 (root, fungi) and 16 (leaves, fungi) 
sequences were removed prior alpha diversity analysis. Richness and diversity were 
calculated using the specnumber and diversity functions, respectively. The Michaelis-Menten 
Fit was subsequently calculated from generated rarefaction curves using the MM2 model 
within the drc package (Ritz and Streibig, 2016). All alpha diversity indices were calculated 





containing bacterial and fungal richness and diversity are provided in Tables S6 and S7, 
respectively. 
Differences in community composition were investigated by permutational 
multivariate analysis of variance (PERMANOVA; Anderson, 2001) based on Bray-Curtis 
distance matrices using 999 permutations. A significant p-value in PERMANOVA for beta-
diversity can be driven by true biological differences, differences within treatment (variance) 
or both (Anderson, 2001). In case of significant p-values in PERMANOVA, we tested for 
differences in homogeneity using permutational analysis of multivariate dispersions 
(PERMDISP, Anderson, 2006) with 999 permutations. NMDS, PERMANOVA and 
PERMDISP were run using functions; metaMDS, adonis and betadisper, respectively, in the 
R package vegan (Oksanen et al., 2016). To investigate in differences between cropping 
cropping regimes, pairwise Adonis with p-value adjustment “BH” based on Bray-Curtis 
distances were used (Martinez Arbizu, 2017). Bacterial and fungal communities were tested 
separately. Differences with regard to crop species were tested after exclusion of unplanted 
soil samples. The effect of cropping systems and inoculation on diversity and richness of 
fungi and bacteria in all investigated compartments were analyzed separately to avoid spatial 
pseudoreplication. Global effects (calculated for both sampling times together) of plant 
compartment and crop species on fungal and bacterial communities were tested with strata = 
pot, as we had pseudoreplicated data. The two sampling dates were also analyzed separately 
as to assess whether the observed effects at harvest 1 would be maintained at harvest 2. 
Data (including plant and soil parameter as well as alpha-diversity) were tested for 
normal distribution with shapiro.test Test and homogeneity of variance with leveneTest 
function with the package car version 2.1-5 (Fox and Weisberg, 2011). Differences between 
measured environmental and plant parameters were calculated with Kruskal-Wallis test 
followed by multiple comparing using dunnTest with Benjamini-Hochberg p-value adjustment 
or Tukey’s post hoc test using the HSD.test function in the R package FSA version 0.8.17 
(Ogle, 2016) and agricolae version 1.2-8 (De Mendiburu, 2014), respectively.  
To identify zOTUs highly associated to application with respect to plant compartment 
and harvest, multipattern analyses were applied. For that purpose, bacteria and fungi were 
investigated using the multipatt function from the IndicSpecies package version 1.7.6 
(DeCáceres and Legendre, 2009). Only fungal and bacterial zOTUs found in at least three 
samples were used. The biserial coefficients (R) with a particular plant species and treatment 






3. Results and Discussion 
3.1. Edaphic properties and plant parameters 
We investigated in several edaphic properties such as total organic carbon and nitrogen, pH-
value and soil moisture, as previous studies have been shown that cropping system or 
application of microorganisms can change soil chemical characteristics (Xiao et al., 2004; 
Raya-Diaz et al., 2017). In agreement with these previous studies, we found a significantly 
higher pH-value in MW compared to XW (Kruskal-Wallis-test (KW-test), with bidest 
x2=3.88, df=1, p=0.048; with KCl, x2=5.24, df=1, p=0.022), whereas inoculation did not 
influence pH-value after five weeks of plant growth (Table 3). In contrast, soil moisture was 
not influenced when comparing these treatments (27.65±1.18%). Total nitrogen as well as 
C:N ratio in the faba bean rhizosphere was significantly influenced by application for harvest 
2, showing lowest nitrogen values under application (KW-test, nitrogen, x2= 9.07, df=1, 
p=0.002; C:N, x2=4.03, df=1, p=0.044; Table 2). Similar, the inoculated wheat rhizosphere 
had significantly lower nitrogen content compared to the control treatment (KW-test, H1, 
x2=5.29, df=1, p=0.021; H2, x2=10.83, p=0.001). In addition, the combination of cropping 
system and inoculation significantly affected nitrogen content in the wheat and faba bean 
rhizosphere (KW-test, wheat, x2=12.38, df=3, p=0.01; faba bean, x2=14.08, df=3, p<0.001). 
Nitrogen content was significantly lower in the cropping regimes XBF/XWF compared to 
XB/XW and MB/MW but only at harvest 2. Previously, it has been reported that intercropping 
can increase wheat nitrogen accumulation in soil but decrease this parameter in faba bean 
which is in contrast to our observation (Xiao et al., 2004). We speculate that the significant 
decrease in nitrogen in the intercropping treatment could be partly explained by the limited 
available space for roots. This was much reduced in the containers after a growing period of 
seven weeks and interspecific competition for nutrients may thus have increased between the 
two crop plants. We further speculate that our applied fungus played an important role in 
altering nutrient availability in the rhizosphere between the two crop species as previously 
assumed (Behie and Bidochka, 2014). 
Intercropping or the application of M. brunneum have been reported to enhance plant 
growth and biomass production (Xiao et al., 2004; Zhang et al., 2010; Krell et al., 2018). In 
line with these results, we found that plant height of wheat was significantly higher under 
intercropping compared to monoculture (Table 4). Faba bean plants were taller when 
inoculated with the entomopathogenic fungal isolate, but significantly only for the 4th week of 





aerial plant biomass (KW-test x2=7.77, df=1, p=0.005), leaf nitrogen (KW-test, x2=6.62, df=1, 
p=0.01) and water content (KW-test, x2=9.28, df=1, p=0.002) were significantly higher in 
XW compared to MW (Table 3, 5). In addition, the C:N ratio in leaves was significantly lower 
in XW compared to MW (KW-test, x2=7.71, df=1, p=0.005). Combination of application and 
cropping system showed that the C:N ratio in leaves were significantly lower in the cropping 
regime XWF compared to MW. In faba bean roots, total carbon had significantly lower values 
in the cropping regime XBF compared to MBF. In contrast to the rhizosphere soil, plants 
especially wheat were mainly affected by differences between cropping systems than fungal 
application. However the combination of both treatments showed a significant influence, 
similar to the rhizosphere. We speculate that fungal application might play a direct role in 
shifting the balance of inter- and intraspecific competition between plants as already indicated 
in arbuscular mycorrhizal fungal inoculation experiments (Moora and Zobel, 1995; Hodge, 
2003).  
3.2 Overall bacterial and fungal community 
The response of bacterial and fungal communities of faba bean and wheat towards inoculation 
with Metarhizium under different cropping systems was assessed by Illumina (MiSeq) 
sequencing targeting the bacterial 16S rRNA gene and the fungal internal transcribed spacer 
(ITS) region, respectively. After removal of low quality reads, PCR artefacts (chimeras), non-
target sequences and plant-derived contaminations, a total of 4,790,788 (bacteria) and 
4,271,395 (fungi) high-quality reads were obtained (Tables S4 and S5). Prior to analyses, 
samples with less than 16 (fungi) or 22 (bacteria) as well as singletons were removed, 
resulting in 231 and 227 samples for fungi and bacteria, respectively. Sequence numbers per 
sample varied between 22 to 89,115 (average 20,916.7) for bacteria and between 16 to 
112,646 (average 18,490.2) for fungi. Although samples were rarefied to low sequencing 
numbers, rarefaction curves (Figures S1-S8) and calculated Michaelis-Menten Fit confirmed 
that the majority of bacterial and fungal diversity was recovered by the surveying effort 
(Tables S6 and S7). 
The eight dominant bacterial phyla (> 0.5% of all sequences across all samples) were 
Proteobacteria (66.64%), Actinobacteria (19.11%), Acidobacteria (3.49%), Firmicutes 
(2.58%), Chloroflexi (2.64%), Gemmatimonadetes (2.05%), Verrrucomicrobia (1.02%) and 
Bacteroides (0.75%). The Proteobacteria were dominated by Gammaproteobacteria (37.32%), 
followed by Alphaproteobacteria (27.7%). The abundant bacterial phyla were present in all 





Rhizobiaceae (21.21%) and Burkholderiaceae (18.44%) were predominant (Figure 2). 
Abundant genera were, for example, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium 
(20.91%), Alicycliphilus (12.38%) Halomonas (3.84%), Lysobacter (2.7%), Sphingomonas 
(2.32%) and Shewanella (2.05%). 
Fungi were represented by four abundant phyla (>0.5% of all sequences across all 
samples): Ascomycota (43.78%), Basidiomycota (6.53%), Mortierellomycota (4.36%) and 
Mucoromycota (2.25%). Approximately 43% of all sequences belonged to unidentified 
fungi. The dominant fungal families were Nectriaceae (8.56%), Mortierellaceae (3.94%), 
Phaeosphaeriaceae (3.41%) and Pleosporaceae (3.24%) (Figure 3). At genus level: 
Dactylonectria (3.94%), Mortierella (3.08%), Chaetomium (2.43%), Rhizopus (2.22%), 
Gibellulopsis (2.19%), Alternaria (2.18%), Gibberella (2.15%) and Cladosporium (2.11%) 
were more frequent. Members of the genus Metarhizium accounted for 0.08% of all 
sequences. Abundant bacterial and fungal taxa were also found in previous studies 
investigating in plant-associated microbial communities (Gdanetz et al., 2017; Zhou et al., 
2017; Li et al., 2018). 
3.3 Spatial and temporal distribution of Metarhizium species in soil and plants after 
application  
We found 6 zOTUs: two belonging to M. anisopliae (0.077%), one M. marquandii (0.0024%), 
one M. carneum (0.002%) and two belonging to M. flavoviride (0.0015%). The identity of all 
Metarhizium zOTUs were higher than 99.721%. Both M. flavoviride zOTUs occurred mainly 
in unplanted control soil (Table 6). zOTUs belonging to M. marquandii as well as M. carneum 
were detected in unplanted soil, rhizosphere soil and within roots in non-inoculated and 
inoculated treatments for both harvests. M. anisopliae was found more often in inoculated 
roots and leaves, especially in the treatment XBF and XWF in roots. 
Conventional PCR approach with Metarhizium clade 1 specific primers also confirmed 
presence of Metarhizium spp. in the samples of harvest 1 (Figure S9-S16). However, we also 
observed positive bands with the correct amplicon length in several of the control samples. 
Previous studies reported that different Metarhizium species can be found naturally in 
agricultural soils including M. brunneum, M. carneum or M. flavoviride (Steinwender et al., 
2014; Kepler et al., 2015; Mayerhofer et al., 2017). As we used agricultural soil from an 
arable field, we hypothesize that some of the different Metarhizium species might origin from 
it. We further speculate that one of the M. anisopliae zOTU is our inoculated fungus because 





dataset was highest compared to the other Metarhizium zOTUs. However, we cannot confirm 
this assumption with our approach.  
3.4 Bacterial and fungal communities are strongly affected by crop species and plant 
compartment 
According to our first hypothesis that cop species and plant compartment affect microbial 
community composition and diversity, we calculated diversity (represented by the Shannon 
index H’) and richness (number of observed unique sequences). Bacterial diversity and 
richness were significantly influenced by the crop plant species grown. The wheat root 
endosphere had a significantly higher bacterial diversity (KW-test, H1, x2=13.73, df=1, 
p<0.001; H2, x2=29.27, p<0.001) and richness (KW-test, H1, x2=18.73, df=1, p<0.001; H2, 
x2=29.27, p<0.001) compared to faba bean. Similar wheat rhizosphere showed higher 
diversity compared to faba bean but specific for harvest 2 (KW-test, x2=6.79, df=1, p=0.009). 
In contrast, leaf endosphere showed higher bacterial diversity in faba bean compared to wheat 
for harvest 2 (KW-test, H2, x2=5.0, df=1, p=0.025). Similar to bacteria, fungi showed 
significantly higher diversity (KW-test, x2=10.19, df=1, p=0.001) and richness (KW-test, 
x2=6.35, df=1, p=0.012) in the wheat rhizosphere compared to faba bean in harvest 2, whereas 
diversity (KW-test, x2=6.35, df=1, p=0.012) and richness (KW-test, x2=4.86, df=1, p=0.02) in 
the faba bean leaf endosphere was higher compared to wheat.  
In addition to differences in richness and diversity, crop species and plant 
compartment significantly influenced microbial community composition in soil and 
endosphere. Compartment explained 32.7% and 23.1% of the variance in the bacterial and 
fungal dataset (PERMANOVA, p=0.001, p=0.001) and dispersion among compartments 
was heterogeneous (PERMDISP, F=5.60, p=0.001; F=39.79, p=0.001). Crop species 
explained most of the variance in the root and leaf endosphere of the bacterial and fungal 
dataset (Table 7). Several taxa were more abundant in one of the two crop species (Figure 
2, 3). Higher relative abundances of several bacterial genera including Rhizobium 
(66.60%), Alicycliphilus (7.48%) and Halomonas (7.31%) were recorded in faba bean 
compared to wheat plants, whereas the opposite was observed for Alicycliphilus (30.58%), 
Rhizobium (9.06%) and Sphingomonas (5.41%). The fungal genera Dactylonectria 
(11.78%), Cladosporium (4.65%) and Alternaria (4.37%) were more abundant in faba bean 
plants. As plant species select microbial communities, each plant species can harbor 
specific microbial members as shown previously (Wemheuer et al., 2017; Zhou et al., 





availability, or exposure to abiotic or biotic factors which selects for a specific microbial 
assembly (Gdanetz et al., 2017; Wallace et al., 2018). The rhizosphere is strongly 
influenced by plant metabolism and differences in composition and quantity of root 
exudates between plant species such as legumes and grasses can influence soil microbial 
communities (Liu et al., 2017; Siczek et al., 2018). Differences in plant physiology such as 
different rooting structure or chemical composition between plants (Roumet et al., 2008) 
might also affect endophytic community. 
3.5 M. brunneum application significantly affected microbial communities 
We further expected that M. brunneum application and establishment of an endophytic fungus 
in plant tissues creates a long lasting effect on bacterial and fungal communities. Fungal 
diversity and richness in wheat rhizosphere and leaves were affected by M. brunneum 
application and fungi showed a decrease in diversity (KW-test, rz, x2=4.81, df=1, p=0.028; lv, 
x2=9.42, p=0.002) and richness (KW-test, rz, x2=7.41, df=1, p=0.006; lv, x2=9.42, p=0.002) in 
inoculated wheat plants for harvest 2 (Table 9). In contrast, bacterial diversity (KW-test, rz, 
x2=8.59, df=1, p=0.003; lv, x2=4.48, p=0.03) and richness (KW-test, rz, x2=4.5, df=1, 
p=0.034; lv, x2= 4.65, p=0.031) in wheat rhizosphere and leaves were significantly higher 
or lower in inoculated plants specific for harvest 2 (Table 8). Previously, Rabiey et al., 
(2017) reported that soil inoculation with the fungus Piriformospora indica increased the 
fungal diversity in soil and root endosphere of wheat in a pot experiment which was in 
contrast to our results; however they also reported an increase of bacterial diversity which was 
in line with our results. We speculate that these observations are related to specific responses 
of bacteria and fungi to our applied strain. 
To identify the influence of M.brunneum application on microbial community 
composition, we performed a NMDS (non-metric multidimensional scaling) analysis based 
on Bray-Curtis dissimilarities. NMDS showed distinct clustering according to application 
which was mainly observed in bacterial leaf endosphere (Figure 4). Permutational 
multivariate analysis of variance (PERMANOVA) also showed that M.brunneum application 
significantly influenced bacterial (H1, R2=11.7%, p=0.004, H2, R2=4.1, p=0.028) and fungal 
(H1, R2=4.6%, p=0.028, H2, R2=7.4, p=0.001) community composition in the rhizosphere, 
whereas root community was unaffected (Table 7). In accordance to this, Ardanov and 
coworkers (2012) showed compartment specific effects of the substrate inoculation of 
Methylobacterium spp. on bacteria. Application only changed bacterial composition in potato 





et al., (2016) observed that seed coating with Fusarium oxysporum did not alter indigenous 
fungal community structure in the rhizosphere of maize, whereas soil type and plant growth 
stage showed the strongest effect on fungi. 
In the present study, we still found significant effects of M.brunneum application on 
bacterial and fungal communities in the plant endosphere and rhizosphere after seven weeks 
of plant growing. As we investigated only in one plant growth stage (vegetative phase), we do 
not know how long effects of M.brunneum application last on plant and its plant microbiome 
which is also important to know in case of biological control options. In contrast to our 
findings, several studies reported that application of an entomopathogenic fungus showed no 
or transient changes on microbial communities (Hirsch et al., 2013; Hong et al., 2017; 
Mayerhofer et al., 2017). We speculate that these discrepancies to our results might be related 
to different inoculated agents, crop species or even growth stage of plant (Aguilar-Trigueros 
and Rillig 2016; Gadhave et al. 2018; Liu et al. 2018). Recently, Gadhave et al. (2018) 
showed that impacts of application on bacterial community in the broccoli root endosphere 
were dependent on Bacillus species. Similarly, Aguilar-Trigueros and Rillig (2016) observed 
that each plant species responded differently to application such as improved plant growth 
which was dependent on the identity of the inoculated fungus. Further reasons for 
contradictory results might be the usage of different inoculation methods or different 
investigated compartments. It is well-known that these factors can influence inoculation or 
colonization efficiency (Tefera and Vidal, 2009; Akutse et al., 2013; Greenfield et al., 2016; 
Jaber and Enkerli, 2016) and as a result may also affect plant microbiome. 
3.6 Cropping system influenced effect of M.brunneum application on plant microbiome 
We further evaluated whether cropping system had an influence on microbial communities. 
We found that cropping system exhibited significantly higher microbial diversity and 
richness in XW compared to MW (Table 8, 9). However, this was only observed for fungi 
in the root endosphere (KW-test, shannon, x2= 4.51, df=1, p=0.03, richness, x2=4.17, 
p=0.04) and for bacteria in the rhizosphere (KW-test, shannon, x2=5.81, df=1, p=0.015; 
richness, x2= 7.82, p=0.005). In faba bean rhizosphere, we showed the opposite trend, thus 
bacterial diversity (KW-test, x2=5.22, df=1, p=0.022) and richness (KW-test, x2=4.17, 
p=0.04) was significantly higher in MB compared to XB. Our observations were in line with 
previous studies which found that intercropping increased microbial diversity in the 
rhizosphere and bulk soil (Yang et al., 2016; Li and Wu, 2018). Yang et al., (2016) 





found that intercropping increased bacterial diversity in the rhizosphere, however, responses 
were also crop species dependent. In line with this, Li and Wu (2018) showed that from seven 
intercropping systems only the combination of cucumber/mustard and cucumber/trifolium 
increased bacterial and fungal diversity in bulk soil compared to cucumber monoculture. 
In the present study, we showed that cropping system significantly affected bacterial 
community composition in plant endosphere whereas fungi were only influenced in 
rhizosphere soil (Table 7). Previous studies also reported significant effects of cropping 
system on bacterial and fungal community composition in different compartments (Zhang 
et al., 2010; Wang et al., 2012; Granzow et al., 2017). Recently, Granzow et al., (2017) 
showed that cropping system affected bacterial and fungal communities in bulk and 
rhizosphere soil as well as fungal composition in roots, whereas leaf endophytes were 
unaffected which is in contrast to our results. In contrast to our study, they used commercial 
available soil and different crop genotypes which might influence the response of the 
microbiome in a different way (Wagner et al., 2016).  
Consistent with our third hypothesis, we observed that cropping system influenced the 
effect of M. brunneum application on bacterial and fungal communities. For example, we 
found significantly lower bacterial diversity and richness in XBF rhizosphere compared to 
MB, whereas XWF rhizosphere had significantly higher diversity and richness compared to 
MWF at harvest 1 (Table 8). In the root endosphere, bacteria showed highest diversity and 
richness under MBF compared to MB and/or XBF at harvest 2. In contrast, effects of 
cropping regimes on fungal alpha-diversity were only found in harvest 2 (Table 9). For 
example, fungi had significantly higher diversity and richness in the root endopshere of XWF 
compared to MW or MWF. Partly in line with this observation, previous studies showed that 
the combination of cropping system and rhizobium inoculation can influence bacterial 
diversity or abundance in the root endosphere and rhizosphere soil of faba bean or maize 
(Zhang et al., 2011; Zhang et al., 2015). Zhang et al., (2011) reported that intercropping and 
rhizobial seed inoculation increased bacterial diversity compared to monoculture in the root 
endosphere of faba bean but they also indicated that plant growth stage was the main factor 
influencing bacterial community and its response towards rhizobial inoculation and cropping 
system. 
Evaluation of microbial community composition with NMDS showed similar 
clustering of fungal root community towards cropping regimes in harvest 2 (Figure 5). 
Pairwise Adonis analysis confirmed that fungal root community was significantly altered 





XWF (Table S9). Here, we demonstrated that plant compartment but also sampling time 
exhibited strong effects on bacterial and fungal communities and their response towards 
cropping regimes which is consistent with our last hypothesis. Although we could not confirm 
the occurrence of the applied Metarhizium species with our approach, we speculate that M. 
brunneum application played an important role in the observed results for alpha- and beta-
diversity; however we cannot clearly say whether inoculation influenced bacterial or fungal 
response towards cropping systems or that cropping system changed response of microbial 
communities towards inoculation. We further hypothesize that M. brunneum application might 
have changed nutrient accumulation or indirectly changed plant root exudation pattern of 
plants (Gu et al., 2016). Previous studies reported that entomopathogenic fungi produce 
siderophores and/or organic acids that can alter availability of certain nutrients (Krasnoff et 
al., 2014; Sánchez-Rodriguez et al., 2016; Krell et al., 2018). It is well-known that nitrogen 
and carbon can strongly influence microbial communities (Wan et al., 2015; Kaiser et al., 
2016). In agreement with our assumption, we observed that especially nutrient availability 
(nitrogen and carbon) within the different plant compartments changed according to 
inoculation and cropping system. For example, C:N ratio under XWF in the rhizosphere 
increased similar to bacterial diversity and richness. Carbon in roots significantly decreased in 
XBF compared to MBF similar to bacterial diversity.  
3.7 Predominant and associated bacterial taxa differ between M. brunneum application 
and control treatment  
Fungal inoculum as invading agent might antagonistic interact or compete for resources and 
niches with other microorganisms which in turn results in an increase or depletion of specific 
microorganisms (de Boer, 2017). Results of the relative abundance might indicate this 
assumption, as we observed that inoculation induced the proliferation of specific bacteria. For 
example, Halomonas (17.23%) and Shewanella (11.21%) were frequently found in inoculated 
rhizosphere samples, but were almost absent (< 0.01% abundance) in rhizosphere soil of non-
inoculated treatments (Figure 2). The opposite effect was observed in the leaf endosphere. 
Here, Halomonas (62.25%) and Shewanella (28.46%) were mainly found in non-inoculated 
faba bean plants. In addition, both bacterial genera were complete absent in the soil for 
harvest 2. Interestingly, these bacteria were mainly reported in plant growth promoting, 
biological control or in bioremediation (Tiwari et al., 2011; Jha, Gontia and Hartmann, 2012; 





change abundances of specific (beneficial) bacterial and fungal taxa in the rhizosphere, 
endosphere or episphere (Hong et al., 2017; Gadhave et al., 2018; Liu et al., 2018).  
To identify bacterial and fungal taxa responsible for the observed differences among 
application, we performed a multipattern analysis to investigate which microorganisms are 
significantly associated with those treatments (Table S8). In general, soil communities 
harbored more associated zOTUs than endophyte communities which is most probably related 
with higher sequence numbers in soil compared to endosphere samples. Although we did not 
observe a significant difference in microbial community composition between control and 
inoculated unplanted soil samples, we found 199 (2.47% of all bacterial taxa included in the 
analysis) and 65 (2.31%) significantly associated bacterial taxa for fungal application and 
control treatment in harvest 1. Several associated bacterial taxa for fungal application 
included zOTUs belonging to Haliangium. In contrast, 48 (1.70%) fungal taxa were 
significantly associated with M. brunneum application, whereas only one taxon with control 
samples for unplanted soil. Members of Haliangium spp. are known to produce haliangicin an 
antifungal metabolite that can inhibit growth of several fungi (Fudou et al., 2001). Moreover, 
few zOTUs belonging to Halomonas and Shewanella were significantly and uniquely 
associated with fungal application in the rhizosphere of harvest 1. In plant endosphere, we 
found that both zOTUs were significantly associated with control plants for harvest 1. 
Furthermore, we found several zOTUs of Sphingomonas significantly and uniquely associated 
with M. brunneum application in leaf and root endosphere as well as in the rhizosphere soil 
for harvest 2. Plant-associated Sphingomonas members have been shown to be effective 
agents against the plant pathogen Pseudomonas syringae (Innerebner et al., 2011). In addition, 
Hong et al., (2017) reported an increase of Sphingomonas abundance after M. anisopliae leaf 
application and similar to Innerebner et al., (2011) they indicated that these bacteria might 
contribute to facilitate plant disease resistance and/or stress response. Because of this 
complexity of interactions between microorganisms, and between microorganisms and plant, 
the effects of fungal application on plant and microbiome are difficult to predict.  
4. Conclusion 
To date, the combined effect of cropping system and fungal inoculation on fungal and 
bacterial communities in endosphere and rhizosphere soil of two important crop species have 
not been studied using large-scale metabarcoding. In line with our first hypothesis we found 
that crop species and compartment exhibited a strong influence on the plant microbiome. M. 





times, whereas response of alpha-diversity showed some variance between sampling time. 
Furthermore, cropping system, crop species and plant compartment were important in 
changing the effect of fungal application on bacterial and fungal communities. The present 
findings increase our understanding of how the application of an entomopathogenic fungus 
affects microbial community which might gain further importance for biological control 
strategies in the future. However, we need long-term studies to properly quantify observed 
effects under field conditions. 
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Table 1. Sampling numbers for each container and harvest. 
Treatments 
/Compartments Unplanted soil Rhizosphere Roots Leaves Plants/treatment 
CS 1 (3/3) - - - - 
Harvest 1 
C 1 (5/5) - - - - 
CF 1 (5/5) - - - - 
MB - 1 (5/5) 1 (5/5) 1 (3/4) 5 
XB - 1 (5/5) 1 (5/4) 1 (4/2) 5 
MW - 2 (5/5) 2 (5/5) 2 (4/5) 10 
XW - 2 (5/5) 2 (5/5) 2 (5/5) 10 
MBF - 1 (5/5) 1 (5/4) 1 (3/4) 5 
XBF - 1 (5/5) 1 (5/5) 1 (2/4) 5 
MWF - 2 (5/5) 2 (5/4) 2 (4/5) 10 
XWF - 2 (5/5) 2 (5/5) 2 (5/5) 10 
Harvest 2 
MB - 2 (5/5) 2 (5/4) 2 (0/3) 10 
XB - 2 (5/5) 2 (5/4) 2 (1/2) 10 
MW - 3 (5/5) 3 (5/5) 3 (5/5) 15 
XW - 3 (5/5) 3 (5/5) 3 (5/5) 15 
MBF - 2 (4/5) 2 (5/3) 2 (4/5) 10 
XBF - 2 (5/5) 2 (5/5) 2 (2/2) 10 
MWF - 3 (4/5) 3 (5/5) 3 (5/5) 15 
XWF - 3 (5/5) 3 (5/5) 3 (5/4) 15 
Total 13 80 160 160 60(FB), 100(W) 
Each container was replicated five times. Abbreviations: W, wheat; FB, faba bean; F, inoculated samples; MW, 
wheat in monoculture; MB, faba bean in monoculture, XB, faba bean samples in intercropping; XW, wheat 
samples in intercropping; SC, starting soil; C unplanted control soil. Number in brackets refers to the number of 
samples left after removal of samples with too low sequencing numbers. The first number refers to bacteria, the 













Table 2. Edaphic properties (mean±SE). 
 
Harvest 1 Harvest 2 
Treatment Ctotal (%) N total (%) C:N ratio C total (%) N total (%) C:N ratio 
C 2.01±0.01 0.21±0.00 9.69±0.16 1.95±0.01 0.20±0.00 9.60±0.03 
CF 1.98±0.02 0.21±0.00 9.48±0.14 1.93±0.02 0.21±0.00 9.45±0.09 
B 2.03±0.02 0.22±0.00 9.53±0.10 2.01±0.03 0.20±0.00a 10.06±0.12a 
B_F 2.01±0.01 0.21±0.00 9.49±0.06 1.93±0.05 0.18±0.01b 10.73±0.30b 
W 2.06±0.02 0.21±0.00a 9.61±0.05 2.00±0.02 0.20±0.00b 10.15±0.05 
W_F 2.05±0.03 0.21±0.00b 9.79±0.15 1.88±0.07 0.18±0.01a 10.74±0.15 
XB 2.04±0.01 0.21±0.00 9.63±0.09a 1.91±0.05 0.18±0.01 10.51±0.32 
MB 2.00±0.02 0.21±0.00 9.39±0.05b 2.02±0.03 0.20±0.00 10.32±0.19 
XW 2.08±0.03 0.21±0.00 9.84±0.14 1.87±0.07 0.18±0.01 10.43±0.30 
MW 2.03±0.02 0.21±0.00 9.56±0.06 2.00±0.03 0.19±0.00 10.46±0.15 
XB 2.04±0.03 0.21±0.00 9.66±0.18 1.98±0.04 0.20±0.00a 9.99±0.12 
XBF 2.03±0.01 0.21±0.00 9.59±0.05 1.84±0.12 0.17±0.00b 11.04±0.57 
MB 2.02±0.04 0.22±0.00 9.39±0.06 2.04±0.05 0.20±0.00a 10.13±0.21 
MBF 2.00±0.02 0.21±0.00 9.37±0.08 2.01±0.04 0.19±0.00ab 10.48±0.3 
XW 2.05±0.02 0.21±0.00 9.57±0.09b 1.97±0.02 0.20±0.00a 9.97±0.1 
XWF 2.11±0.05 0.21±0.00 10.11±0.2a 1.77±0.12 0.17±0.01b 10.88±0.54 
MW 2.08±0.02 0.21±0.00 9.65±0.03ab 2.03±0.03 0.20±0.00a 10.33±0.15 
MWF 1.98±0.02 0.21±0.00 9.47±0.1b 1.98±0.04 0.19±0.00ab 10.59±0.28 
Different letters in columns indicate statistically significant differences between treatments (p≤0.05, means ± 
SE). Abbreviations: MB/MW, faba bean/wheat grown in monoculture; XB/XW, faba bean/wheat intercropped; 
C, control unplanted soil; F, inoculated samples. 
Table 3. Biomass [g] and pH-value (mean±SE). 
 Roots Aerial parts Shoot/Root ratio pH-bidest pH-KCl 
Treatment H1 H2 H1 H2 H1 H2 H1 H1 
XB 3.72±0.35 8.75±0.50 13.27±0.95 36.70±2.55 3.73±0.31 4.19±0.16 7.46±0.02 6.88±0.04 
MB 4.40±0.47 8.04±0.58 16.21±1.35 37.94±1.32 3.91±0.37 4.91±0.32 7.41±0.03 6.89±0.02 
XW 1.53±0.28 4.61±0.58 3.50±0.34 10.61±0.71a 2.93±0.52 2.44±0.20 7.45±0.01a 6.92±0.02a 
MW 1.82±0.41 4.56±0.74 3.73±0.49 7.50±0.33b 2.45±0.27 1.94±0.25 7.50±0.01b 6.96±0.01b 
B 3.98±0.29 8.84±0.58 13.96±1.32 37.29±2.48 3.54±0.27 4.31±0.32 7.45±0.01 6.86±0.03 
B_F 4.14±0.53 7.95±0.49 15.52±1.15 37.35±1.48 4.10±0.38 4.79±0.20 7.42±0.03 6.90±0.02 
W 1.70±0.26 4.98±0.75 3.54±0.36 9.34±0.86 2.36±0.26 2.17±0.28 7.48±0.01 6.94±0.01 
W_F 1.65±0.43 4.09±0.40 3.69±0.47 8.70±0.60 3.02±0.52 2.22±0.17 7.47±0.02 6.94±0.02 
Different letters in columns indicate statistically significant differences between treatments (p≤0.05, means ± 
SE). Abbreviations: B, faba bean; W, wheat; MB/MW, faba bean/wheat grown in monoculture; XB/XW, faba 









Table 4. Plant height [cm] and thermal images [°C ] from 4th to 7th week of the 
experiment. 
 4 weeks 5 weeks (H1) 6 weeks 7 weeks ( H2) 
Height 
XB 23.1±0.9 29.4±0.9 37.7±0.9 44.4±1.2 
MB 22.8±0.6 31.3±0.8 38.3±0.8 46.1±0.9 
XW 33.9±1.3 37.1±1.2a 37.9±1.1a 38.5±0.8a 
MW 33.5±0.4 34.9±0.6b 35.0±0.6b 37.0±1.3b 
B 21.8±0.7b 29.6±1.0 37.6±1.0 43.7±1.1 
B_F 24.1±0.6a 31.1±0.7 38.4±0.7 46.8±0.9 
W 34.6±0.5 36.3±0.9 36.8±0.8 37.4±0.6 
W_F 32.9±1.2 35.6±1.1 36.1±1.1 38.0±1.4 
Thermal Images 
X 17.04±0.32 17.15±0.33 17.40±0.18a 19.37±0.32 
M 17.64±0.21 17.78±0.24 17.92±0.18b 19.82±0.31 
Non-inoculated 17.39±0.27 17.88±0.29 17.93±0.16 19.95±0.31 
Inoculated 17.48±0.25 17.25±0.25 17.56±0.21 19.39±0.34 
Different letters in columns indicate statistically significant differences between treatments (p≤0.05, means ± 
SE). Abbreviations: B, faba bean; W, wheat; MB/MW, faba bean/wheat grown in monoculture; XB/XW, faba 
































Table 5. Water content, total organic carbon and nitrogen in roots and leaves for 
harvest 2 (mean±SE). 
 C total (%) N total (%) C:N ratio Water content [%] 
Roots 
B 11.06±1.01 0.91±0.08 12.14±0.26a 64.67±3.37 
B_F 14.24±2.44 0.87±0.08 16.31±2.67b 54.42±10.21 
W 4.12±0.68 0.28±0.03 14.37±0.88 32.33±4.91 
W_F 3.23±0.23 0.24±0.01 13.36±0.70 54.27±7.78 
XB 9.98±0.85a 0.79±0.07 12.70±0.24 60.29±5.34 
MB 15.32±2.28b 1.00±0.08 15.74±2.76 58.79±9.63 
XW 3.24±0.16 0.25±0.00 12.90±0.46 46.64±7.86 
MW 4.21±0.77 0.27±0.03 14.94±0.96 37.52±6.32 
XB 10.55±1.07ab 0.85±0.09 12.38±0.42 60.79±6.00 
XBF 9.40±1.40a 0.72±0.10 13.01±0.19 59.79±9.61 
MB 11.56±1.82ab 0.96±0.13 11.88±0.33 68.55±2.76 
MBF 19.07±3.63b 1.02±0.09 19.60±5.16 49.04±19.03 
XW 3.23±0.16 0.25±0.00 12.84±0.52 34.46±10.02 
XWF 3.24±0.34 0.25±0.01 12.97±0.92 61.87±8.04 
MW 5.01±1.30 0.30±0.06 15.89±1.43 30.20±2.40 
MWF 3.20±0.37 0.23±0.01 13.74±1.15 46.68±13.41 
Leaves 
B 45.22±1.23 3.53±0.11 12.85±0.20 88.61±0.20 
B_F 44.12±0.16 3.39±0.11 13.15±0.49 88.95±0.36 
W 42.42±0.09 1.94±0.12 22.66±1.52 82.12±0.68 
W_F 42.73±0.17 2.20±0.21 20.96±2.04 82.21±1.40 
XB 44.17±0.23 3.44±0.04 12.83±0.13 88.89±0.23 
MB 45.17±1.22 3.48±0.15 13.16±0.51 88.67±0.34 
XW 42.43±0.08 2.40±0.15a 18.29±1.16a 84.18±0.55a 
MW 42.69±0.16 1.77±0.12b 25.06±1.52b 80.14±0.89b 
XB 44.01±0.38 3.40±0.05 12.96±0.12 88.65±0.29 
XBF 44.32±0.29 3.49±0.06 12.71±0.23 89.13±0.37 
MB 46.44±2.43 3.66±0.22 12.74±0.39 88.57±0.31 
MBF 43.91±0.11 3.29±0.21 13.58±0.96 88.77±0.65 
XW 42.40±0.10 2.21±0.11ab 19.37±1.00ab 83.73±0.53ab 
XWF 42.47±0.15 2.63±0.30a 16.94±2.31a 84.74±1.06a 
MW 42.44±0.15 1.67±0.12b 25.95±2.01b 80.52±0.73ab 
MWF 42.93±0.25 1.87±0.21ab 24.17±2.46ab 79.67±1.94b 
Different letters in columns indicate statistically significant differences between treatments (p≤0.05, means ± 
SE). Abbreviations: MB/MW, faba bean/wheat grown in monoculture; XB/XW, faba bean/wheat intercropped; 








Table 6. Spatial and temporal distribution of Metarhizium species in soil and plants. 
 
inoculated non-inoculated 
 Lv Ro Rz Soil Lv Ro Rz Soil 
Harvest 1 
M. anisopliae_SH200393.07FU 0.285 0.522 0.0048 0 0 0 0.0004 0 
M. carneum 0 0 0.0016 0.003 0 0 0.0024 0.0026 
M. flavoviride_SH214395.07FU 0 0 0 0 0 0 0.0001 0.042 
M. marquandii_SH217934.07FU 0 0 0.0028 0.0026 0 0 0.0014 0.003 
Total 0.285 0.522 0.009 0.0055 0 0 0.0044 0.0477 
Harvest 2 
M. anisopliae_SH200393.07FU 0 0.1316 0.0394 NA 0 0.0002 0 NA 
M. carneum 0 0.0047 0.0017 NA 0 0 0.0123 NA 
M. flavoviride_SH214395.07FU 0 0 0.0006 NA 0 0 0.0006 NA 
M. marquandii_SH217934.07FU 0 0.0216 0.0003 NA 0 0 0.0026 NA 
Total 0 0.1579 0.042  0 0.0002 0.0155  
Numbers refer to the relative abundance in the dataset. Abbreviations: Lv, leaves; Ro, roots; Rz, rhizosphere 
soil; Soil, unplanted soil. 
Table 7. Effect of cropping system, inoculation and crop species on bacterial and fungal 
community compositions. 
 Bacteria Fungi 
 H1 H2 H1 H2 
 R² (%) p R² (%) p R² (%) p R² (%) p 
Rhizosphere soil 
Inoculation 11.7 0.004 4.1 0.028 4.6 0.028 7.4 0.001 
Cropping System 2.4 0.324 3.6 0.095 2.5 0.475 4.5 0.021 
Crop species 3.4 0.221 8.9 0.001 3.8 0.064 8.8 0.001 
Roots 
Inoculation 1.6 0.833 1.4 0.668 2.8 0.366 3.2 0.273 
Cropping System 3.6 0.001 0.9 0.899 2.2 0.633 5.4 0.076 
Crop species 1.6 0.649 6.1 0.001 16.9 0.001 24.7 0.001 
Leaves 
Inoculation 12.7 0.006 9.8 0.038 2.4 0.713 5.2 0.096 
Cropping System 2.5 0.56 9.4 0.032 2.8 0.532 3.3 0.367 
Crop species 12.9 0.004 7.9 0.06 9.1 0.001 20.1 0.001 
Results of the permutational multivariate analysis of variance (PERMANOVA) with Bray-Curtis distances 
testing for the different treatments. Cropping systems compares monoculture versus intercropping. Inoculation 
compares inoculated versus non-inoculated samples. Statistically significant differences (p≤ 0.05) between the 




















C 2688.74±386.25ab NA 6.82±0.35 NA 
 
CF 2974.66±106.16a NA 7.00±0.15 NA 
 








n Faba bean control 1245.54±76.63a 1225.68±110.67 6.30±0.19 6.22±0.34 
Faba bean inoculated 790.00±590.35b 1220.20±171.63 4.65±2.34 6.27±0.17 
Wheat control 1282.82±114.47 1209.49±152.08a 6.38±0.21 6.30±0.22a 









 XB 933.89±490.80a 1209.72±156.12 5.20±1.95a 6.25±0.18 
MB 1136.28±427.48b 1243.00±102.62 5.87±1.60b 6.23±0.39 
XW 1375.46±137.84a 1313.05±178.68 6.51±0.24a 6.46±0.24 










XB 1213.38±80.60ab 1229.08±119.21 6.20±0.21ab 6.25±0.20 
XBF 654.40±538.27a 1190.36±199.28 4.20±2.46a 6.25±0.18 
MB 1277.70±64.27b 1222.28±115.50 6.40±0.13b 6.20±0.47 
MBF 959.50±637.81ab 1294.80±48.08 5.20±2.40ab 6.31±0.17 
XW 1298.36±152.90ab 1194.12±149.56 6.36±0.27ab 6.31±0.23 
XWF 1452.56±67.16a 1431.98±118.78 6.66±0.09a 6.61±0.16 
MW 1267.28±74.16ab 1224.86±170.53 6.39±0.15ab 6.30±0.24 








n Faba bean control 39.69±108.20 9.18±4.44 1.03±1.62 0.55±0.12a 
Faba bean inoculated 16.76±14.99 13.13±9.59 0.76±0.28 0.70±0.18b 
Wheat control 87.49±43.34A 170.35±67.61B 2.86±0.99A 4.29±0.76B 









 XB 9.77±12.15 8.23±4.93 0.59±0.22 0.59±0.11 
MB 46.68±106.40 14.08±8.78 1.20±1.58 0.67±0.21 
XW 98.21±47.95 162.00±72.34 3.17±1.13 4.05±0.95 










XB 6.22±2.20 11.62±5.07ab 0.54±0.11 0.61±0.14ab 
XBF 13.32±17.20 4.84±0.55a 0.64±0.29 0.58±0.08ab 
MB 73.16±153.42 6.74±1.95a 1.53±2.30 0.50±0.08a 
MBF 20.20±13.43 21.42±5.91b 0.87±0.24 0.83±0.16b 
XW 90.28±37.01 184.02±87.05 2.99±0.67 4.45±0.77 
XWF 106.14±60.38 139.98±54.64 3.35±1.54 3.65±1.01 
MW 84.70±53.26 156.68±47.34 2.74±1.31 4.13±0.79 









 Faba bean control 5.36±0.89 4.10±NA 1.44±0.15 1.04±NA 
Faba bean inoculated 6.82±3.17 9.26±2.08 1.38±0.47 1.87±0.32 














 XB 6.35±2.88 8.90±1.56 1.50±0.40 1.82±0.26 
MB 5.58±1.25 8.52±3.06 1.33±0.17 1.75±0.48 
XW 6.11±4.34 7.26±2.22 1.18±0.84 1.40±0.45 










XB 5.70±0.82 4.10±NA 1.50±0.13 1.04±NA 
XBF 7.65±5.87 8.90±1.56 1.52±0.87 1.82±0.26 
MB 4.90±0.92 NA 1.37±0.16 NA 
MBF 6.27±1.30 9.40±2.41 1.29±0.19 1.89±0.37 
XW 5.40±4.37 8.00±2.59 1.11±0.90 1.53±0.52 
XWF 6.82±4.70 6.52±1.73 1.25±0.87 1.26±0.36 
MW 3.58±1.40 7.94±1.08 0.58±0.33 1.48±0.18 
MWF 6.55±6.87 3.22±3.44 1.08±1.24 0.50±0.82 
Diversity is expressed as Shannon values and richness is based on the number of unique OTUs. Small and large 
letters in columns and rows indicate statistically significant differences between the treatments in each 
compartment (p≤0.05, means ± SD). Abbreviations: MB/MW, faba bean/wheat grown in monoculture; XB/XW, 
faba bean/ wheat intercropping, C, control unplanted soil; F, inoculated samples, CS, control starting soil. 
 





  Richness Diversity 
 




C 380.00±71.74 NA 4.14±0.51 NA 
 
CF 399.02±47.94 NA 4.37±0.14 NA 
 








n Faba bean control 131.02±21.72 113.63±22.03 3.81±0.36 3.58±0.54 
Faba bean inoculated 139.29±17.50A 95.39±34.79B 3.90±0.31A 3.36±0.70B 
Wheat control 127.11±10.17A 143.02±12.11Ba 3.76±0.24A 4.01±0.15Ba 









 XB 135.71±21.83 117.40±18.24 3.84±0.38 3.73±0.37 
MB 134.60±18.41 91.62±34.33 3.88±0.28 3.21±0.73 
XW 131.46±11.72 135.12±18.26 3.90±0.19 3.93±0.33a 










XB 134.48±29.40 121.60±19.28 3.85±0.46 3.83±0.33 
XBF 136.94±14.28 113.20±18.24 3.83±0.35 3.62±0.41 
MB 127.56±12.93 105.66±23.69 3.77±0.28 3.33±0.63 
MBF 141.64±21.71 77.58±39.97 3.98±0.28 3.10±0.87 
XW 129.18±11.49 143.30±11.20a 3.82±0.22 4.06±0.16a 
XWF 133.74±12.81 126.94±21.39ab 3.97±0.14 3.80±0.42ab 
MW 125.04±9.49 142.74±14.30a 3.70±0.28 3.97±0.14ab 









Faba bean control 14.40±2.69 16.64±5.56 1.90±0.24 1.97±0.46 
Faba bean inoculated 18.16±7.16 22.39±6.81 2.20±0.59 2.51±0.50 














 XB 16.22±5.84 21.95±6.47 1.98±0.49 2.38±0.50 
MB 17.14±6.48 16.27±5.92 2.23±0.47 2.05±0.57 
XW 14.66±5.32a 19.80±7.07a 1.95±0.58a 2.26±0.79a 










XB 14.60±2.25 19.80±5.51 1.87±0.27 2.15±0.31 
XBF 17.52±7.73 23.24±7.25 2.07±0.64 2.52±0.57 
MB 14.00±4.53 14.28±4.91 1.97±0.24 1.83±0.54 
MBF 19.23±7.56 20.25±7.42 2.40±0.55 2.47±0.44 
XW 16.72±6.20 14.38±5.85a 2.06±0.68 1.69±0.76a 
XWF 12.60±3.82 25.22±2.20b 1.84±0.51 2.84±0.16b 
MW 9.52±1.01 13.64±7.60a 1.28±0.22 1.60±0.98a 








n Faba bean control 8.95±2.89 7.54±3.34 1.96±0.42 1.64±0.71 
Faba bean inoculated 6.44±1.76 5.66±2.78 1.57±0.37 1.24±0.61 
Wheat control 4.47±2.32 5.52±1.03a 1.02±0.68 1.27±0.26a 









 XB 6.78±1.33 6.10±0.85 1.68±0.24 1.49±0.05 
MB 8.06±3.18 6.51±3.34 1.78±0.55 1.39±0.72 
XW 4.73±2.20 4.98±1.37 1.07±0.62 1.11±0.37 










XB 6.15±1.06 8.75±2.47 1.54±0.22 1.99±0.34 
XBF 7.10±1.48 6.10±0.85 1.75±0.25 1.49±0.05 
MB 10.35±2.40 6.73±4.10 2.17±0.32 1.41±0.86 
MBF 5.78±1.96 5.48±3.36 1.39±0.42 1.15±0.71 
XW 4.72±2.46 5.78±1.33 1.06±0.67 1.34±0.35 
XWF 4.74±2.21 3.98±0.46 1.08±0.65 0.82±0.11 
MW 4.22±2.44 5.26±0.65 0.98±0.77 1.20±0.16 
MWF 5.16±3.41 4.26±0.93 1.12±0.83 0.96±0.30 
Diversity is expressed as Shannon values and richness is based on the number of unique OTUs. Small and large 
letters in columns and rows indicate statistically significant differences between the treatments in each 
compartment (p≤0.05, means ± SD). Abbreviations: MB/MW, faba bean/wheat grown in monoculture; XB/XW, 








Figure 1. Experimental design of the sudy. MB/MW, faba bean/ wheat grown in 








Figure 2. Abundant bacterial families with regard to plant compartment and cropping 
regime. Only treatments with an average abundance >0.05% are shown. Mean relative 
abundances of each taxa were calculated for each sample. MB/MW, faba bean/wheat grown in 
monoculture; XB/XW, faba bean/wheat intercropped; C, control unplanted soil; F, inoculated 





Figure 3. Abundant fungal families with regard to plant compartment and cropping 
regime. Only treatments with an average abundance >0.05% are shown. Mean relative 
abundances of each taxa were calculated for each sample. MB/MW, faba bean/wheat grown in 
monoculture; XB/XW, faba bean/wheat intercropped; C, control unplanted soil; F, inoculated 





Figure 4. Response of 1 
bacterial and fungal 2 
communities in different 3 
compartments towards 4 
inoculation. NMDS 5 
ordination of microbial 6 
communities is color-coded 7 
by the respective 8 
compartment and different 9 
symbols indicate 10 
inoculation. Ordination is 11 

























Figure 5. Response of 33 
bacterial and fungal 34 
communities in different 35 
compartments towards 36 
cropping regimes. NMDS 37 
ordination of microbial 38 
communities is color-coded 39 
by the respective cropping 40 
regime. Ordination is based 41 
on Bray-Curtis dissimilarities 42 
between samples. MB/MW, 43 
faba bean/wheat grown in 44 
monoculture; XB/XW, faba 45 
bean/wheat intercropped; C, 46 
control unplanted soil; F, 47 
inoculated samples; CS, 48 
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Table S1. Sampling dates for investigated edaphic properties and plant parameters. 
Investigated 
Parameter/Harvest H1 H2 Weekly 
Water content unplanted, rhizosphere soil roots, aerial parts - 
RWC - leaves - 
Ntotal unplanted, rhizosphere soil unplanted, rhizosphere soil, roots, leaves - 
Ctotal unplanted, rhizosphere soil unplanted, rhizosphere soil, roots, leaves - 
pH unplanted, rhizosphere soil - - 
Plant height - - yes 
Thermal images - - yes 
Biomass roots, aerial parts roots, aerial parts - 





















Table S9. Effect of cropping regimes and compartment on bacterial and fungal 
community composition. 
 Bacteria Fungi 
 H1 H2 H1 H2 
 R² p R² p R² p R² p 
Unplanted soil 
C vs CF 0.061 0.834 NA NA 0.108 0.358 NA NA 
C vs CS 0.285 0.093 NA NA 0.219 0.293 NA NA 
CF vs CS 0.416 0.087 NA NA 0.259 0.243 NA NA 
Rhizosphere soil 
MB vs MBF 0.243 0.263 0.270 0.587 0.098 0.695 0.237 0.125 
MB vs XB 0.141 0.313 0.156 0.587 0.055 0.827 0.342 0.056 
MB vs XBF 0.218 0.309 0.130 0.587 0.031 0.961 0.136 0.324 
MBF vs XB 0.281 0.168 0.116 0.587 0.151 0.687 0.296 0.036 
MBF vs XBF 0.031 0.741 0.104 0.587 0.085 0.764 0.148 0.250 
XB vs XBF 0.214 0.498 0.031 0.868 0.061 0.764 0.228 0.125 
MW vs MWF 0.305 0.168 0.099 0.587 0.191 0.687 0.367 0.036 
MW vs XW 0.324 0.168 0.033 0.800 0.175 0.687 0.169 0.176 
MW vs XWF 0.232 0.263 0.096 0.587 0.063 0.764 0.093 0.554 
MWF vs XW 0.235 0.309 0.047 0.587 0.044 0.827 0.374 0.036 
MWF vs XWF 0.355 0.077 0.172 0.587 0.283 0.289 0.293 0.109 
XW vs XWF 0.698 0.075 0.115 0.587 0.301 0.289 0.140 0.324 
Roots 
MB vs MBF 0.080 0.889 0.382 0.046 0.069 0.836 0.410 0.054 
MB vs XB 0.111 0.563 0.189 0.189 0.220 0.399 0.315 0.105 
MB vs XBF 0.096 0.731 0.340 0.172 0.073 0.771 0.219 0.140 
MBF vs XB 0.250 0.193 0.145 0.293 0.117 0.548 0.192 0.379 
MBF vs XBF 0.167 0.319 0.235 0.187 0.050 0.857 0.340 0.057 
XB vs XBF 0.046 0.731 0.123 0.345 0.214 0.441 0.284 0.067 
MW vs MWF 0.178 0.497 0.156 0.189 0.017 0.857 0.157 0.267 
MW vs XW 0.089 0.569 0.101 0.502 0.043 0.771 0.029 0.883 
MW vs XWF 0.073 0.569 0.062 0.617 0.048 0.771 0.507 0.024 
MWF vs XW 0.088 0.497 0.145 0.236 0.037 0.835 0.197 0.171 
MWF vs XWF 0.162 0.497 0.245 0.086 0.056 0.771 0.803 0.024 
XW vs XWF 0.058 0.753 0.201 0.131 0.025 0.916 0.474 0.024 
Leaves 
MB vs MBF 0.846 0.175 NA NA 0.216 0.289 0.076 0.646 
MB vs XB 0.133 0.952 NA NA 0.413 0.289 0.193 0.646 
MB vs XBF 0.940 0.175 NA NA 0.237 0.283 0.331 0.509 
MBF vs XB 0.861 0.115 0.453 0.197 0.393 0.362 0.049 0.879 
MBF vs XBF 0.159 0.977 0.253 0.197 0.122 0.581 0.156 0.554 
XB vs XBF 0.945 0.133 0.880 0.350 0.208 0.597 0.277 1.000 
MW vs MWF 0.510 0.133 0.947 0.053 0.135 0.454 0.323 0.068 
MW vs XW 0.262 0.254 0.181 0.197 0.194 0.289 0.152 0.255 





Results of pairwise adonis testing for the different cropping regimes. Statistically significant differences (p≤0.05) 
between the treatments for each plant compartment are written in bold. 
 
 
Figure S1. Rarefaction curve for bacterial leaf endophytes. Only the mean of all curves 
and the standard deviation are shown.  
 
Figure S2. Rarefaction curve for bacterial root endophytes. Only the mean of all curves 
and the standard deviation are shown.  
MWF vs XW 0.024 0.977 0.928 0.053 0.045 0.683 0.137 0.329 
MWF vs XWF 0.026 0.977 0.875 0.053 0.111 0.487 0.264 0.281 






Figure S3. Rarefaction curve for bacteria in the rhizosphere soil. Only the mean of all 
curves and the standard deviation are shown. 
 
Figure S4. Rarefaction curve for bacteria in soil. Only the mean of all curves and the 
standard deviation are shown. 
 
Figure S5. Rarefaction curve for fungal leaf endophytes. Only the mean of all curves and 






Figure S6. Rarefaction curve for fungal root endophytes. Only the mean of all curves and 
the standard deviation are shown. 
 
Figure S7. Rarefaction curve for fungi in the rhizosphere soil. Only the mean of all curves 
and the standard deviation are shown. 
 
 
Figure S8. Rarefaction curve for fungi in soil. Only the mean of all curves and the standard 





Figure S9. Control of conventional PCR for the presence of Metarhizium in root samples. Positive control: Metarhizium brunneum Cb15-III. 





Figure S10.  Control of conventional PCR for the presence of Metarhizium in root 
samples. Positive control: Metarhizium brunneum Cb15-III. Samples were labeled as in Table 
S7.  
 
Figure S11. Control of conventional PCR for the presence of Metarhizium in root, 
rhizosphere and unplanted soil samples. Positive control: Metarhizium brunneum Cb15-III. 





Figure S12. Control of conventional PCR for the presence of Metarhizium in rhizosphere 
soil and leaf samples. Positive control: Metarhizium brunneum Cb15-III.  
Figure S13. Control of conventional PCR for the presence of Metarhizium in leaf, 
rhizosphere and unplanted soil samples. Positive control: Metarhizium brunneum Cb15-III. 





Figure S14. Control of conventional PCR for the presence of Metarhizium in rhizosphere soil samples. Positive control: Metarhizium 





Figure S15. Control of conventional PCR for the presence of Metarhizium in leaf and 
unplanted soil samples. Positive control: Metarhizium brunneum Cb15-III. Samples were 













Figure S16. Control of conventional PCR for the presence of Metarhizium in root, 
rhizosphere and unplanted soil samples. Positive control: Metarhizium brunneum Cb15-III. 
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The main focus of this thesis was to increase our understanding and knowledge about plant-
associated microbial communities including bacteria and fungi in winter wheat (Triticum 
aestivum L.) and winter faba bean (Vicia faba L.) and their response towards different 
cropping systems. We investigated the influence of cropping systems on microbial 
community composition and diversity in soil and endosphere under greenhouse conditions 
(Chapter 2, 4, 5 and 6). In addition, we examined the effect of water deficit on plant 
physiological parameters (Chapter 3) and on the active (RNA-based) bacterial and fungal 
communities (Chapter 4, 5). Furthermore, we investigated how the application of an 
entomopathogenic fungus affects plant-associated bacterial and fungal communities (Chapter 
6). In the last three chapters, we analyzed the draft genome sequences of different isolated 
bacterial endophytes in grasses (Chapter 7, 8, 9).       
 Despite their important role in promoting plant growth and health, the response of the 
endophytic community towards agricultural practices including intercropping or inoculation 
of entomopathogenic fungi is still poorly understood (Table 1). Moreover, research mainly 
investigated bacterial or fungal communities separately; however bacteria and fungi co-occur 
and can interact within the different plant compartments (Sloan and Lebeis, 2015; Cocq et al., 
2017). As these microorganisms have different lifestyles within plants (Hardoim et al., 2008; 
Deveau et al., 2018), it can be expected that they also respond differently towards agricultural 
practices. Furthermore, previous studies applied different community profiling techniques 
such as T-RFLP (Zhang et al., 2010; Zhang et al., 2011) or DGGE (Song et al., 2007a, Yang 
et al., 2016) to investigate in the effect of intercropping systems. However, none of these 
molecular techniques provides such a high level of taxonomic resolution than NGS-based 
sequencing and analysis of 16S rRNA gene and ITS region amplicons (Prosser et al., 2010). 
In contrast to these studies (Table 1), we investigated in the entire microbial (bacteria and 
fungi) communities in different plant compartments of two important crop species under 










Table 1. Studies investigating in microbial communities between monoculture and 
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Abbreviations: ARDRA, amplified 16SrDNA restriction analysis, DGGE, denaturing gradient gel 
electrophoresis; T-RFLP, terminal restriction fragment length polymorphism; qPCR, real-time quantitative PCR; 
AOA, ammonia-oxidizing archaea; AOB, ammonia-oxidizing bacteria, ALP, P mobilizer; nifH, N2-fixers. 
10.1 Plant-associated microbial communities and their response towards cropping 
systems 
In line with our first hypothesis, we observed that cropping system significantly affected 
bacterial and fungal community composition (Chapter 2, 4, 5, 6). Moreover, we showed that 
plant related traits including crop species and plant compartment were important in 
influencing the response of microbial communities towards cropping systems. For example, 
bacterial community composition was only significantly different between monoculture and 
row intercropping in the bulk soil of wheat (Chapter 2). In contrast, fungal community 
composition was significantly different between monoculture and row intercropping in the 
root endosphere of faba bean and wheat as well as in the bulk soil of faba bean (Chapter 2). 
Other studies (Song et al., 2007b; Wang et al., 2012) indicated that crop species can exhibit a 
strong influence on microbial community composition that can change response towards 
cropping system. Wang et al. (2012) observed that fungal community composition in wheat 
rhizosphere was significantly different in monoculture compared to intercropping system, 
whereas in lupine rhizosphere no difference was observed between the cropping systems. 
 We showed that that alpha diversity which included diversity (represented by Shannon 
diversity index H’) and richness (number of observed unique sequences) was significantly 
influenced by cropping system but crop species and compartment determined responses. For 
example, we showed that fungal diversity and richness was significantly affected by cropping 
system but this was only observed in wheat root endosphere whereas bacteria were only 
influenced in wheat and faba bean rhizosphere (Chapter 6). In this Chapter, wheat in 





specific for the compartment. In accordance to our results, previous studies showed that 
intercropping can increase microbial diversity in the rhizosphere and bulk soil (Song et al., 
2007b; Yang et al., 2016; Li and Wu, 2018). For example, Yang et al., (2016) investigated in 
10 different spring crops grown in monoculture and intercropping system and found that 
intercropping increased bacterial diversity in the rhizosphere, however, responses were crop 
species dependent. In contrast, in Chapter 2 differences in microbial diversity and richness 
was only attributed to differences between mixed and row intercropping or mixed 
intercropping and monoculture. However, we used in this experiment commercially available 
soil but also different plant genotypes compared to Chapter 4-6. As previous studies have 
shown, soil type, plant species and even genotypes influenced microbial communities in soil 
and endosphere and thus, response towards cropping systems might also differ dependent on 
these paramters (Wagner et al., 2016; Cobb et al., 2017; Wemheuer et al., 2017). In line with 
this assumption, we observed in Chapter 4 that significant differences between monoculture 
and intercropping systems for bacterial diversity and richness were only found in the leaf 
endosphere of the faba bean genotype S_062, whereas bacterial endophytes in faba bean 
genotype S_004 were unaffected.         
 In Chapter 4/5 and 6, we showed strikingly different results regarding the response of 
bacterial and fungal alpha-diversity towards cropping systems. Although we used the same 
experimental setup for the pot experiment as well as the same soil type and crop genotype, we 
found in Chapter 4 and 5 no response of the bacterial and fungal diversity in the rhizosphere 
soil towards cropping systems. However, in these Chapters we used different molecular 
approaches (e.g, different extraction kits, nested vs. direct PCR), which might influence 
results. Furthermore, the entire (DNA-based) microbial community also includes dead cells or 
dormant microorganisms, whereas the active (RNA-based) microbial community is only a 
fraction of the entire community which is metabolically active (Blagodatskaya and Kuzyakov, 
2013) and thus, responses might differ towards environmental changes as also indicated in 
previous research on drought and fertilizer effects (Barnard et al., 2013; Herzog et al., 2015). 
However, research with a combined approach of active and entire microbial communities is 
needed to further elucidate the effects of cropping systems.    
 As microbial diversity is related to ecosystem function, an increase of microbial 
diversity through intercropping system might contribute to enhance plant health and growth 
(Eisenhauer et al., 2012; Andreote and Silva, 2017). However, in this thesis, we only 
performed short-term experiments under greenhouse conditions and thus, it is difficult to 





effects on soil microbiome through plant diversity might increase with experimental duration 
(Song et al., 2007b; Eisenhauer et al., 2012). Eisenhauer et al., (2012) posited that long-term 
species-rich plant communities experience predominantly facilitative net effects by soil biota 
and promoting plant growth through arbuscular mycorrhizal fungi or plant growth promoting 
rhizobacteria, whereas species-poor plant communities such as monocultures are subject to 
antagonistic net soil effects due to the accumulation of pathogens. Thus, we need more long-
term field studies which also investigate in different crop species/genotype combinations to 
select the most suitable crops for intercropping systems that not only benefit agricultural 
production but also microbial communities. 
10.2 Response of the active microbial community towards water deficit 
In accordance to our hypothesis, we showed in the Chapters 4 and 5 that the abiotic factor 
drought significantly influenced bacterial and fungal communities in the rhizosphere but also 
bacterial leaf endophytes. Moreover, fungal and bacterial communities in the rhizosphere soil 
exhibited different responses towards water deficit. Our results indicate that the fungal 
community was more sensitive towards water deficit compared to bacteria in the rhizosphere. 
In accordance with this assumption were previous findings (Kaisermann et al., 2015; He et al., 
2017). On the other hand, studies have shown that fungi were more resistant towards drought 
compared to bacteria (Barnard et al., 2013; Meisner et al., 2018) or that both exhibited a 
similar response (Sayer et al., 2017; Kaurin et al., 2018). These contradictory findings 
between studies might be attributed to different investigated compartments (bulk vs. 
rhizosphere soil), differences in experimental settings such as drought intensities or soil 
characteristics, and precipitation history in soil which has been shown to affect microbial 
communities and their response towards drought (Santos-Medellin et al., 2017; Kaisermann et 
al., 2015; Kaisermann et al. 2017). In the present study, crop species and genotype played an 
important role in influencing fungal alpha-diversity and bacterial community composition in 
the rhizosphere towards water deficit. As previously shown (Henry et al., 2007; Preece and 
Peñuelas, 2016), water deficit can lead to plant stress which can also change root exudation 
pattern and thus, the response of soil microbial communities.      
 Similar to the rhizosphere, response of bacterial leaf endophytes (Chapter 4) were 
dependent on faba bean genotype, resulting in a decrease in diversity and richness in genotype 
S_062 under water deficit. Partly in accordance to our observation, previous studies 
demonstrated that water deficit decreased bacterial diversity in the root endosphere of several 





response including physiological and biochemical changes towards water deficit can be 
genotype specific which might also affect the endosphere microbiome. In line with this 
assumption, we observed that chlorophyll concentration and all three soluble sugars (glucose, 
sucrose, and fructose) in leaves significantly changed according to water deficit in genotype 
S_062. 
Moreover, we found that differences between water treatments were pronounced for a 
specific cropping system but dependent on crop genotype. For example, fungal diversity and 
richness was significantly lower in the rhizosphere of S4_FBM_D compared to S4_FBM_C. 
In addition, the combination of water deficit and cropping system changed associated 
microbial communities but also microbial interactions. We assume that inter- and intraspecific 
competition between plants for water (or nutrients) in the specific cropping system had 
differenct effects on each crop species and thus, on their associated microbial communities as 
indicated in previous research (Granzow et al., 2017; Kaisermann et al., 2017). Obtained 
results highlight that crop genotype played key roles in the susceptibility of the active 
microbial communities towards drought. Thus, choosing the best genotype suitable for a 
specific cropping system might be important to mitigate future drought events while 
maintaining agricultural productivity.  
10.3 Crop species and cropping system influenced the effect of M. brunneum seed 
application on plant-associated microbial communities 
In line with our third hypothesis, we showed in Chapter 6 that M.brunneum application 
affected microbial community composition and alpha-diversity but responses were strongly 
determined by plant compartment and crop species. For example, bacterial community 
composition was affected through inoculation in the rhizosphere soil and leaf endosphere. In 
contrast, fungal community composition only exhibited significant differences in the 
rhizosphere soil. In accordance to this, Ardanov and coworkers (2012) showed compartment 
specific effects of the substrate inoculation of Methylobacterium spp. on bacteria. Application 
only changed bacterial composition in potato shoots, whereas root endophytes were not 
influenced. In contrast to our results, Zimmermann et al., (2016) observed that seed coating 
with Fusarium oxysporum did not alter indigenous fungal community composition in the 
rhizosphere of maize, whereas soil type and plant growth stage showed the strongest effect on 
fungi. In addition, microbial diversity and richness showed harvest date- and kingdom-
specific responses towards M. brunneum application. A significantly lower fungal diversity 





compared to control plants after seven weeks of growth. In contrast, bacterial diversity and 
richness in wheat rhizosphere and leaves were significantly higher in inoculated plants 
specific for harvest 1 or 2. Previously, Rabiey et al., (2017) reported that soil inoculation 
with the fungus Piriformospora indica increased the fungal diversity in soil and root 
endosphere of wheat in a pot experiment which was in contrast to our results; however they 
also reported an increase of bacterial diversity which was in line with our results. We 
speculate that discrepancies to our results might be related to specific responses of bacteria 
and fungi to the inoculated agent and that crop species and growth stage of plant might 
modify these responses as indicated in previous research (Aguilar-Trigueros and Rillig, 2016; 
Gadhave et al., 2018; Liu et al., 2018).  
Moreover, we observed that the combination of cropping system and M.brunneum 
application altered bacterial and fungal community composition and diversity. We found that 
significant differences between cropping system were most pronounced between inoculated 
plants. For example, fungi in the root endosphere showed in the cropping regime XWF the 
highest diversity and richness, whereas in the cropping regime MWF the lowest diversity and 
richness. In contrast, bacterial diversity and richness was significantly higher in the 
rhizosphere of XWF compared to MWF. In line with this, we observed alterations in nitrogen 
and carbon which might explain these findings. We speculate that changes in nutrients might 
be related to M.brunneum application as previous studies have reported that this fungus is able 
to alter availability of certain nutrients through the production of siderophores and/ or organic 
acids (Krasnoff et al., 2014; Sánchez-Rodriguez et al., 2016; Krell et al., 2018). Overall, our 
findings highlight the importance to investigate the separate and combined effect of cropping 
system and application of entomopathogenic fungi on plant-associated microbial 
communities. 
10.4 Draft genomes of different endophytic bacteria in grasses 
As the plant endosphere is a great reservoir of beneficial microorganisms (Rascovan et al., 
2018), we investigated in the last Chapters (7, 8, 9), the draft genomes of three endophytic 
bacteria, namely Bacillus mycoides (Strain GM5LP), Pseudomonas putida (Strain GM4FR) 
and Paenibacillus amylolyticus (Strain GM1FR) isolated from Lolium perenne and Festuca 
rubra L., respectively. We identified several genes of Pseudomonas putida which were 
encoding for a putative nematicidal protein (AidA) as well as insecticidal proteins such as 
fitD/mcf and tccC. These insecticidal toxins have been shown to provide protective effects for 





amylolyticus we identified genes which exhibited similarity to pelgipeptin biosynthetic gene 
cluster. Pelgipeptin is known for their antimicrobial activity against several plant pathogenic 
fungi and bacteria (Wu et al., 2010; Ding et al., 2011). Furthermore, in the draft genome of 
Bacillus mycoides we found several predicted gene clusters including bacteriocin, terpene, 
lantipeptide, lassopeptide and siderophore. For example, previous studies showed that 
bacteriocin production might be beneficial for plant growth (Lee et al., 2009) and in 
influencing other bacteria (Scholz et al., 2014). In general, Pseudomonas spp. and the class 
Bacilli are extensively studied plant-associated bacteria and have the potential as biocontrol 
agent that contribute to nutrient acquisition and growth promotion for plant host (Barnett et 
al., 2017; Levy et al., 2017). However, further research is needed to validate these findings.  
10.5 Concluding remarks and outlook 
With the results of this thesis, we confirmed our general hypothesis that cropping system 
altered bacterial and fungal community composition as well as diversity. However, effect of 
cropping system was strongly shaped by plant related traits including crop species/ genotype 
and plant compartment (Chapter 2, 4, 5, 6) which supports our second assumption. 
Furthermore, we observed that water deficit and M.brunneum seed inoculation altered 
microbial communities; but effects were dependent on plant compartment and crop 
species/genotype (Chapter 4, 5, 6). Furthermore, bacterial and fungal communities responded 
differently towards agricultural practices and environmental changes which confirmed our last 
hypothesis. As beneficial plant-associated microorganisms are key promoter in plant growth 
and health, it is important to know which factors shape microbial community composition and 
diversity. Obtained results of this thesis might contribute to understand the complex 
interactions between plants, associated microorganisms and their environment that influence 
agricultural productivity. 
10.6 References 
Aguilar-Trigueros CA, Rillig MC. 2016. Effect of different root endophytic fungi on plant 
community structure in experimental microcosms. Ecology and Evolution. Nov;6:8149-8158. 
Andreote FD, Silva M. 2017. Microbial communities associated with plants: learning from 
nature to apply it in agriculture. Current Opinion in Microbiology. Jun;37:29-34. 
Ardanov P, Sessitsch A, Haggman H, Kozyrovska N, Pirttila AM. 2012. Methylobacterium-
Induced Endophyte Community Changes Correspond with Protection of Plants against 
Pathogen Attack. Plos One. Oct;7. 
Barnard RL, Osborne CA, Firestone MK. 2013. Responses of soil bacterial and fungal 





Barnett S, Zhao S, Ballard R, Franco C. 2017. Selection of microbes for control of 
Rhizoctonia root rot on wheat using a high throughput pathosystem. Biological Control. 
Oct;113:45-57. 
Blagodatskaya E, Kuzyakov Y. 2013. Active microorganisms in soil: Critical review of 
estimation criteria and approaches. Soil Biology & Biochemistry. Dec;67:192-211. 
Cobb AB, Wilson GWT, Goad CL, Bean SR, Tesso TT, Wilson JD. 2017. Assessing the 
influence of farm fertility amendments, field management, and sorghum genotypes on soil 
microbial communities and grain quality. Applied Soil Ecology. Oct;119:367-374. 
Deveau A. Bonito G, Uehling J, Paoletti M, Becker M, Bindschedler S, Hacquard S, Herve V, 
Labbe J, Lastovetsky OA, Mieszkin S, Millet LJ, Vajna B, Junier P, Bonfante P, Krom BP, 
Olsson S, Elsas JD, Wick LY. 2018. Bacterial–fungal interactions: ecology, mechanisms and 
challenges. FEMS Microbiol Rev. May; 42: 335-352. 
Ding R, Wu XC, Qian CD, Teng Y, Li O, Zhan ZJ, Zhao YH. 2011. Isolation and 
identification of lipopeptide antibiotics from Paenibacillus elgii B69 with inhibitory activity 
against methicillin-resistant Staphylococcus aureus. Journal of Microbiology. Dec;49:942-
949. 
Eisenhauer N, Reich PB, Scheu S. 2012. Increasing plant diversity effects on productivity 
with time due to delayed soil biota effects on plants. Basic and Applied Ecology. Nov;13:571-
578. 
Fan FL, Zhang FS, Lu YH. 2011. Linking plant identity and interspecific competition to soil 
nitrogen cycling through ammonia oxidizer communities. Soil Biology & Biochemistry. 
Jan;43:46-54. 
Fitzpatrick CR, Copeland J, Wang PW, Guttman DS, Kotanen PM, Johnson MTJ. 2018. 
Assembly and ecological function of the root microbiome across angiosperm plant species. 
Proceedings of the National Academy of Sciences of the United States of America. 
Feb;115:E1157-E1165. 
Gadhave KR, Devlin PF, Ebertz A, Ross A, Gange AC. 2018. Soil inoculation with Bacillus 
spp. modifies root endophytic bacterial diversity, evenness and community composition in a 
context-specific manner. Microbiology Ecology. Mar; 1-10. 
Granzow S, Kaiser K, Wemheuer B, Pfeiffer B, Daniel R, Vidal S, Wemheuer F. 2017. The 
Effects of Cropping Regimes on Fungal and Bacterial Communities of Wheat and Faba Bean 
in a Greenhouse Pot Experiment Differ between Plant Species and Compartment. Frontiers in 
Microbiology. May;8. 
Hardoim PR, van Overbeek LS, van Elsas JD. 2008. Properties of bacterial endophytes and 
their proposed role in plant growth. Trends in Microbiology. Oct;16:463-471. 
He D, Shen WJ, Eberwein J, Zhao Q, Ren LJ, Wu QLL. 2017. Diversity and co-occurrence 
network of soil fungi are more responsive than those of bacteria to shifts in precipitation 
seasonality in a subtropical forest. Soil Biology & Biochemistry. Dec;115:499-510. 
Henry A, Doucette W, Norton J, Bugbee B. 2007. Changes in crested wheatgrass root 
exudation caused by flood, drought, and nutrient stress. Journal of Environmental Quality. 
May-Jun;36:904-912. 
Herzog S, Wemheuer F, Wemheuer B, Daniel R. 2015. Effects of Fertilization and Sampling 
Time on Composition and Diversity of Entire and Active Bacterial Communities in German 





Kaisermann A, de Vries FT, Griffiths RI, Bardgett RD. 2017. Legacy effects of drought on 
plant-soil feedbacks and plant-plant interactions. New Phytologist. Sep;215:1413-1424. 
Kaisermann A, Maron PA, Beaumelle L, Lata JC. 2015. Fungal communities are more 
sensitive indicators to non-extreme soil moisture variations than bacterial communities. 
Applied Soil Ecology. Feb;86:158-164. 
Kaurin A, Mihelic R, Kastelec D, Grcman H, Bru D, Philippot L, Suhadolc M. 2018. 
Resilience of bacteria, archaea, fungi and N-cycling microbial guilds under plough and 
conservation tillage, to agricultural drought. Soil Biology & Biochemistry. May;120:233-245. 
Krasnoff SB, Keresztes I, Donzelli BGG, Gibson DM. 2014. Metachelins, Mannosylated and 
N-Oxidized Coprogen-Type Siderophores from Metarhizium robertsii. Journal of Natural 
Products. Jul;77:1685-1692. 
Krell V, Unger S, Jakobs-Schoenwandt D, Patel AV. 2018. Endophytic Metarhizium 
brunneum mitigates nutrient deficits in potato and improves plant productivity and vitality. 
Fungal Ecology. Aug;34:43-49. 
Le Cocq K, Gurr SJ, Hirsch PR, Mauchline TH. 2017. Exploitation of endophytes for 
sustainable agricultural intensification. Molecular Plant Pathology. Apr;18:469-473. 
Lee KD, Gray EJ, Mabood F, Jung WJ, Charles T, Clark SRD, Ly A, Souleimanov A, Zhou 
XM, Smith DL. 2009. The class IId bacteriocin thuricin-17 increases plant growth. Planta. 
Mar;229:747-755. 
Levy A, Gonzalez IS, Mittelviefhaus M, Clingenpeel S, Paredes SH, Miao JM, Wang KR, 
Devescovi G, Stillman K, Monteiro F, et al. 2018. Genomic features of bacterial adaptation to 
plants. Nature Genetics. Jan;50:138-+. 
Li S, Wu FZ. 2018. Diversity and Co-occurrence Patterns of Soil Bacterial and Fungal 
Communities in Seven Intercropping Systems. Frontiers in Microbiology. Jul;9. 
Li X, Sun ML, Zhang HH, Xu N, Sun GY. 2016. Use of mulberry-soybean intercropping in 
salt-alkali soil impacts the diversity of the soil bacterial community. Microbial Biotechnology. 
May;9:293-304. 
Liu CM, Yang ZF, He PF, Munir S, Wu YX, Ho HH, He YQ. 2018. Deciphering the bacterial 
and fungal communities in clubroot-affected cabbage rhizosphere treated with Bacillus 
Subtilis XF-1. Agriculture Ecosystems & Environment. Mar;256:12-22. 
Meisner A, Jacquiod S, Snoek BL, ten Hooven FC, van der Putten WH. 2018. Drought 
Legacy Effects on the Composition of Soil Fungal and Prokaryote Communities. Frontiers in 
Microbiology. Mar;9. 
Naylor D, DeGraaf S, Purdom E, Coleman-Derr D. 2017. Drought and host selection 
influence bacterial community dynamics in the grass root microbiome. Isme Journal. 
Dec;11:2691-2704. 
Pechy-Tarr M, Bruck DJ, Maurhofer M, Fischer E, Vogne C, Henkels MD, Donahue KM, 
Grunder J, Loper JE, Keel C. 2008. Molecular analysis of a novel gene cluster encoding an 
insect toxin in plant-associated strains of Pseudomonas fluorescens. Environmental 
Microbiology. Sep;10:2368-2386. 
Preece C, Peñuelas J. 2016. Rhizodeposition under drought and consequences for soil 
communities and ecosystem resilience. Plant and Soil. Dec;409:1-17. 
Prosser J, Jansson JK, Liu WT. 2010. Nucleic-acid-based characterization of community 
structure and function. In: Liu WT, Jannson JK (eds). Environmental Molecular 





Qiao YJ, Li ZZ, Wang X, Zhu B, Hu YG, Zeng ZH. 2012. Effect of legume-cereal mixtures 
on the diversity of bacterial communities in the rhizosphere. Plant Soil and Environment. 
Apr;58:174-180. 
Rabiey M, Ullah I, Shaw LJ, Shaw MW. 2017. Potential ecological effects of Piriformospora 
indica, a possible biocontrol agent, in UK agricultural systems. Biological Control. Jan;104:1-
9. 
Sánchez-Rodriguez AR, Barron V, Del Campillo MC, Quesada-Moraga E. 2016. The 
entomopathogenic fungus Metarhizium brunneum: a tool for alleviating Fe chlorosis. Plant 
and Soil. Sep;406:295-310. 
Santos-Medellin C, Edwards J, Liechty Z, Nguyen B, Sundaresan V. 2017. Drought Stress 
Results in a Compartment-Specific Restructuring of the Rice Root-Associated Microbiomes. 
Mbio. Jul-Aug;8. 
Rascovan N, Carbonetto B, Perrig D, Diaz M, Canciani W, Abalo M, Alloati J, Gonzalez-
Anta, Vazquez MP. 2018.Integrated analysis of root microbiomes of soybean and wheat from 
agricultural fields. Scientific Reports. Jun; 6:28084. 
Sayer EJ, Oliver AE, Fridley JD, Askew AP, Mills RTE, Grime JP. 2017. Links between soil 
microbial communities and plant traits in a species-rich grassland under long-term climate 
change. Ecology and Evolution. Feb;7:855-862. 
Scholz R, Vater J, Budiharjo A, Wang ZY, He YQ, Dietel K, Schwecke T, Herfort S, Lasch 
P, Borriss R. 2014. Amylocyclicin, a Novel Circular Bacteriocin Produced by Bacillus 
amyloliquefaciens FZB42. Journal of Bacteriology. May;196:1842-1852. 
Sloan SS, Lebeis SL. 2015. Exercising influence: distinct biotic interactions shape root 
microbiomes. Current Opinion in Plant Biology. Aug;26:32-36. 
Song YN, Marschner P, Li L, Bao XG, Sun JH, Zhang FS. 2007. Community composition of 
ammonia-oxidizing bacteria in the rhizosphere of intercropped wheat (Triticum aestivum L.), 
maize (Zea mays L.), and faba bean (Vicia faba L.). Biology and Fertility of Soils. 
Dec;44:307-314. 
Song YN, Zhang FS, Marschner P, Fan FL, Gao HM, Bao XG, Sun JH, Li L. 2007. Effect of 
intercropping on crop yield and chemical and microbiological properties in rhizosphere of 
wheat (Triticum aestivum L.), maize (Zea mays L.), and faba bean (Vicia faba L.). Biology 
and Fertility of Soils. Jun;43:565-574. 
Sun YM, Zhang NN, Wang ET, Yuan HL, Yang JS, Chen WX. 2009. Influence of 
intercropping and intercropping plus rhizobial inoculation on microbial activity and 
community composition in rhizosphere of alfalfa (Medicago sativa L.) and Siberian wild rye 
(Elymus sibiricus L.). Fems Microbiology Ecology. Nov;70:218-226. 
Taschen E, Amenc L, Tournier E, Malagoli P, Fustec J, Bru D, Philippot L, Bernard L. 2017. 
Cereal-legume intercropping modifies the dynamics of the active rhizospheric bacterial 
community. Rhizosphere 3: 191–195. 
Wagner MR, Lundberg DS, del Rio TG, Tringe SG, Dangl JL, Mitchell-Olds T. 2016. Host 
genotype and age shape the leaf and root microbiomes of a wild perennial plant. Nature 
Communications. Jul;7. 
Wang Y, Marschner P, Zhang FS. 2012. Phosphorus pools and other soil properties in the 
rhizosphere of wheat and legumes growing in three soils in monoculture or as a mixture of 





Wemheuer F, Kaiser K, Karlovsky P, Daniel R, Vidal S, Wemheuer B. 2017. Bacterial 
endophyte communities of three agricultural important grass species differ in their response 
towards management regimes. Scientific Reports. Jan;7. 
Wu XC, Shen XB, Ding R, Qian CD, Fang HH, Li O. 2010. Isolation and partial 
characterization of antibiotics produced by Paenibacillus elgii B69. Fems Microbiology 
Letters. Sep;310:32-38. 
Yang ZP, Yang WP, Li SC, Hao JM, Su ZF, Sun M, Gao ZQ, Zhang CL. 2016. Variation of 
Bacterial Community Diversity in Rhizosphere Soil of Sole-Cropped versus Intercropped 
Wheat Field after Harvest. Plos One. Mar;11. 
Zhang NN, Sun YM, Li L, Wang ET, Chen WX, Yuan HL. 2010. Effects of intercropping and 
Rhizobium inoculation on yield and rhizosphere bacterial community of faba bean (Vicia faba 
L.). Biology and Fertility of Soils. Aug;46:625-639. 
Zhang NN, Sun YM, Wang ET, Yang JS, Yuan HL, Scow KM. 2015. Effects of intercropping 
and Rhizobial inoculation on the ammonia-oxidizing microorganisms in rhizospheres of 
maize and faba bean plants. Applied Soil Ecology. Jan;85:76-85. 
Zhang YZ, Wang ET, Li M, Li QQ, Zhang YM, Zhao SJ, Jia XL, Zhang LH, Chen WF, Chen 
WX. 2011. Effects of rhizobial inoculation, cropping systems and growth stages on 
endophytic bacterial community of soybean roots. Plant and Soil. Oct;347:147-161. 
Zimmermann J, Musyoki MK, Cadisch G, Rasche F. 2016. Biocontrol agent Fusarium 
oxysporum f.sp strigae has no adverse effect on indigenous total fungal communities and 




















This thesis would be not possible with all the help and support of so many people! 
First of all, many thanks to Prof. Dr. Stefan Vidal for offering me the opportunity to work on 
such interesting and challenging topic as well as thank you for your continuous support and 
encouragement during my PhD thesis. 
I am very grateful to Dr. Franziska Wemheuer who introduced me into the field of microbial 
ecology. You were always amazingly patient, provided me with valuable advices when 
needed and you gave me always critical feedback for my manuscripts! Further thanks should 
go to Dr. Bernd Wemheuer, who told me a lot about bioinformatics, analysis and R.  
I would like to thank Prof. Dr. Rolf Daniel for giving me the opportunity to work in his 
laboratory. 
Further thanks should go to my colleagues who helped me during the harvests of my 
experiments as well as with my samples: Birgit Pfeiffer, Hadis Yayanti, Paul Götsch, Avril 
von Hoyningen-Huene, Sarah Demirkale, Annika Lingner and also thanks to the people which 
I maybe did not mention.  
I would like to thank all my colleagues from the Agricultural Entomology but also from the 
AG Daniel. It was a really nice time! 
Finally, thanks to my friends and family and especially Dennis, who always supported and 





















Juni 2015-   Wissenschaftlicher Mitarbeiter 
Oktober 2018   Georg-August-Universität Göttingen 
    Abteilung: Agrarentomologie 
Studium 
Seit Juni 2015   Promotionsstudium Agrarwissenschaften (PAG) 
    Georg-August-Universität Göttingen 
    Promotion in der Abteilung Agrarentomologie 
Oktober 2012-  Studium in Biodiversität, Ökologie und Evolution  
März 2015   Georg-August-Universität Göttingen 
    Schwerpunkt: Evolution 
    Abschluss: Master of Science 
Masterarbeit: Influence of wounding on fungal volatile 
formation and fungivore foraging behaviour 
Oktober 2009-  Studium in Biologie 
September 2012  Georg-August-Universität Göttingen 
    Schwerpunkt: Verhaltens- und Neurobiologie 
    Abschluss: Bachelor of Science 








August 2006-   Berufliches Gymnasium, Berufliche Schulen des Werra- 
Juni 2009   Meissner-Kreises in Witzenhausen 
    Schwerpunkt: Biotechnologie 
    Abschluss: Hochschulreife 
 
Tagungen 
2016: Braunschweig; Thünen Symposium on Soil Metagenomics 
2016: Potsdam; Plant2030 
2017: Göttingen; European Conference on Prokaryotic and Fungal Genomics 
2017: Potsdam; Plant2030 
2018: Potsdam; Plant2030 
 
Veröffentlichungen 
Hollensteiner J, Poehlein A, Granzow S, Liesegang H, Daniel R, Vidal S and Wemheuer F 
(2018) Draft genome sequence of the endophyte Bacillus mycoides strain GM5LP isolated 
from Lolium perenne. Genome Announcements 6:e01517-17. 
Poehlein A, Hollensteiner J, Granzow S, Wemheuer B, Vidal S and Wemheuer F (2018) First 
insights into the draft genome sequence of the endophyte Paenibacillus amylolyticus strain 
GM1FR, isolated from Festuca rubra L..Genome Announcements 6:e01516-17. 
Granzow S, Kaiser K, Wemheuer B, Pfeiffer B, Daniel R, Vidal S and Wemheuer F (2017) 
The effects of cropping regimes on fungal and bacterial communities of wheat and faba bean 
in a greenhouse pot experiment differ between plant species and compartment. Frontiers in 
Microbiology 8:902. 
Wemheuer F, Hollenstein J, Poehlein A, Granzow S, Daniel R, Vidal S and Wemheuer B 
(2017) Draft genome sequence of Pseudomonas putida strain GM4FR, an endophytic 











I, hereby, declare that this Ph.D. dissertation has not been presented to any other examining 
body either in its present or a similar form. 
 












I, hereby, solemnly declare that this dissertation was undertaken independently and without 




Göttingen, ……………………..   ………………………………….. 
Sandra Granzow 
 
